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(54) Title: LAYERED MANIFOLD PRESSURE SWING ADSORPTION DEVICE AND METHOD 
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^ (57) Abstract: Rotaiy PSA systems, both axial and radial flow, with M > 1, provide inieipenetrating, layered manifolds to accom- 
^ modate all of the steps of a complex PSA cycle, suitable with equal compactness for any value of "M". This approach extends readily 
^ lo accommodate a plurality of rotar>' PSA modules and their cooperating compression machinery' within a single layered manifold 
jS j assembly for a single PSA plant train. The rotary PSA apparatus includes siators that define fluid ports, which include PSA cy- 
cle sectors, each sector being defined by a light product delivery port, light product withdrawal ports, and light reflux reium ports. 
Q Adsorber elements may directly contact one or more of the siaiors in a fluidly sealing manner. A PSA method uses the described 
1^ apparatus and then supplies at least one feed fluid to pressurize an adsorber sets to substantially a higher pressure to initiate the PSA 
^ c>'cle. 
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LAYERED MANIFOLD PRESSURE SWING ADSORPTION 

DEVICE AM) METHOD 

FIELD 

S Disclosed embodiments of the invention concem fluid separations from a 

mixture of fluids, such as oxygen separation from air or hydrogen puri&cation, 
conducted by pressure swing adsorption <PSA) using a fluid separation apparatus 
having layered manifolds, such as a compact, rotary pFessure swing adsoiption 
apparatxjs operating at high apparatus cycle frequencies. Narrow channel adsorbers, 
10 reinforced so as to engage directly with valve faces, aliso are described that desirably 
may be used with various embodiments of pressure swing adsorption apparatuses. 

BACKGROUND 

L General PSA Process 

15 Fluid separation from a fluid mixture by pressure swing adsoiption is achieved 

by coordinated pressure cycling and flow reversals over an adsorber that preferentiaUy 
adsorbs a more readily adsorbed component relative to a kss readily adsorbed 
component of the mixture. The total pressure is elevated duri&g intervals of flow in a 
first direction through the adsorber from a first end to a second end of the adsorber, and 

20 is reduced during inlen^als of flov;in the reverse direction,^ As the cycle is repeated, tide 
less readily adsorbed component is concentrated in &e first direction, while the more 
readily adsorbed component is concentrated in &e reverse direction. 

A "light" product, depleted in the more readily adsorbed component and 
enriched in the less readily adsorl>ed<Jomponent, is then delivered from tiie second^d 

25 of the adsorber. A "heavy" product emiched in the more strongly adsorbed component 
is exhausted from the first end of the adsorber. The li ght product usually is the desir^ed 
product to be purified, as in the important examples of oxygen separation ova- nitrogen- 
selective zeolite adsorbents and hydrogen purification. The heavy product may be a 
desired product in the example of nitrogen separation over nitrogen-sdective zeolite 

30 adsorbents. Typically, a fluid feed mixture is admitted to tibe first end of an adsorber 
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and the light product is delivered •from the second end of the adsori)er when the pressure 
in that adsorber is ekvated to a higher working pressure. The heavy product is 
exhausted from the first end of the adsorber at a lower working|)ressure. In order io 
obtain a highly pure light product, a fraction of the light product or fluid enriched in the 
5 less readily adsorbed component is ^recycled back io the adsorbers as "li^t reflux" ^uid 
after pressure letdown, e.g. io perform purge, pressure equalization or repressurization 
steps. 

The conventional process for fluid separation by pi^ure swixig adsoiption ifises 
two or more adsoAers in parallel, with directional valving at each^nd of each adsoit>er 

1 0 toxonnect the adsorbers in alternating sequence 4o pressure sources and^inks, thus 
establishing the changes of wozldng pressure and 4ow direction. The basic pressure 
swing adsoiption process inefficiently uses applied energy, because of the irreversible 
expansion over the valves while switching the adsorbers between hi^^ and lower 
pressures. More sophisticated conventional pressure-swing adsorption tievices achieve 

15 some improvement in efficiency by using multiple "ligjit reflux" steps and otiier process 
refinements, but the valve logic complexity 4>ased on conventional 2*way valves is 
greatly increased. As a result, apparatus cycle frequencies are low, with 1 cycle/minute 
being common, and few commercial devices have cycle frequencies higher than S 
cycles/minute. Fm^ermoFe, the cycle frequency wstii conventional valves and :granidar 

20 adsorbent cannot be greatly increased^ so the adsorbent inventory is large. 

Conventional PSA plants are accordingly i)ulky and heavy, and there is a need for much 
more compact PSA technology. 

n. Rotary PSA Technology 
25 Siggelin (U.S. Patent No. 3,176,446), Mattia (U.S. Patent No. 4,452^612), 

Davidson and Lywood (U.S. Patent No. 4,758,253), Boudet et al. (U.S. Patent No. 
5,133,784), Petit et al. (U.S. Patent No. 5,441,559), Keefer et al. (U.S. Pat«it No. 
6,051,050) and Westmeierct al. (former German Democratic Republic patent DD 
259,794 Al) disclose PSA devices using rotary adsorbent bed configurations. Ports for 
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multiple, angularly sqjarated adsorbent beds mounted on a rotor assembly, sweep past 
fixed functional ports for the Amotions of feed admission, product delivery, exhaust 
discharge and pressure equalization. All of these devices use multiple adsoibent beds 
operating sequentially on the same cycle, with multiport distributor rotaiy valv«s for 

5 controlling fluid flows to, <from and 4>etween the adsort)ent beds. 

The prior art includes numerous examples of pressure swing adsorption and 
vacuum swing adsorption devices with three adsorbers operating in parallel. 71ius,ilay 
" ' (U.S. Patent No. 4,969,935) and Kumar et al. (U S. Patent No. 5,328,303) disclose 
vacuum adsorption systems that do not achieve continuous operation of compressors 

10 and vacuum piunps connected at all times to one of Ae three adsorbers. Such op^ation 
is achieved in other three adsorber examples provided by Tagawa et al. (U.S. Patent No. 
4,781 ,735), Hay (U.S. Patent No. 5,24^,676), and Watson et al. (U.S. Patent No. 
5,41 1,528), but in each of these latter examples there is some undesirable inversion of 
the ordering of light product withdrawal and hght reflux steps so that process efficiency 

1 5 is compromised. Examples ^f rotary valve controlled PSA for hydrogen purification 
with six adsorbers in parallel are provided by KeefcrXUlS. Patent No. ejOeS,^!). 

Some rotary PSA embodiments disclosed by Westmeieret al.^fomierOennan 
Democratic Republic patent DD 259,794 Al) and by Keefer et al. (U.S. Patent No. 
6,051 .050) have a rotational period feat is an integer multiple "M" of fee cycle period 

20 (v«fe M>1 ). The fixed fimctional ports for each fimction must feea-be provided in fee 
same multiple "M" numerically equal to fee integer quotient of the rotational period 
divided by fee cycle period, and positioned at equal angular spacing about the rotational 
axis. Hiis approach balances pressure loads on fee valve faces, reduces rotor-'bearing 
loads, and reduces fee fiiction of sliding seal surfaces in4he valve faces. Frictional 

25 torque and power required to drive fee rotor are reduced by at least fee factor "1/M", 
since angular velocity is reduced by fee same factor andeontact pressure loads of 
balanced seals may be reduced as well. Wife reduced fiiction, -seal life is extended. 
Consequently higher pressure applications j(e.^. hydrogen purification) become more 
practicable for such rotary PSA devices, as seal life typically will be controlled by fee 



wo 02/24309 



PCT/USOl/30134 



4 



product of sliding velocity (here reduced by the factor reflecting the reduction or 
rotational frequency by the same factor) and contact pressure. However, this approach 
encounters the following problems: 

5 • For a given PSA cycle, the number of adsorbers must be 

increased by the factor "M". Hence the angular v^dth of each adsorber roust be 
reduced by the same factor "M'', resulting in added cost and complexity if the 
adsorbers are sq^arate fabricated assemblies. Pressure containment, static 
sealing between adsorbers, and porting of the adsoit>ers to the valve faces in a 

10 rotary PSA system is difficuh with a very large number of sq)arale adsorbers. 

Again, this consideration is mc^-e critical when the basic PSA fm)cess has a 
large number of stq^s and envisages that multiple adsoibers will simultaneously 
tmdergo each step, as in U.S. Patent No. 6,051,050. 



15 • As the angular sector allocated to each PSA cycle is 360^M, 

angular pressure gradients between the PSA cycle stqps are steepened by the 
factor "M" when M > 1 . This makes valve face sealing more difficult, so that 
the potential for cross*leakage between adjacent PSA steps increases. The 
efiGciency improvement of reduced sliding fiiction with M > 1 may thus be 
20 offset by efficiency loss due to leakage, so that an important challenge will be 

to reduce leakage. 



• Complicated and costly external piping connections in "M*' sets 
must be provided to the opposing sides of the apparatus for each process 
function with valve ports, while maintaining uniform flow distribution between 
the pluraUty of fixed ports serving each function. This is much more difiScult 
for PSA cycles with a large number of separate steps for feed pressurization, 
countercurrent blowdown, and light reflux as disclosed in U.S. Patent No. 
6,051,050. 



wo 02/24309 PCT/US01/30J34 



5 



• Manifolding of external piping connections would be even more 
complex and costly with M >1 when multiple rotary PSA modules are operated 
in parallel as disclosed in U.S. Patent No. 6,051 ,050. Very serious -di^Bculties 
S arise immediately in the complexity and cost of such piping connections, and 

the problem of balancing pressures drops as required to divide the flows for 
each process step (or ftmction) equally between all of the modules operating in 
parallel. These difficulties would render it impracticable manifold more dian 
a few modules in parallel to be operated with a single compression machinery 
1 0 train, and thus would severely inhibit scaling up to very large PSA process 

trains with attractive economies of ^cale. 

m. Conventional Adsorbents and Adsorbent Supports 

The conventional method of supporting adsorbent also is problematic. Hiere is 

15 a need for rigid, high-surface>area adsorbent supports that can ov^come Ae limitations 
of granular adsorbent and enable much higher cycle -fiequencies. High-^surface-area, 
laminated adsorbers, with the adsorbent supported in thin sheets separated by spacers to 
define flow channels between adjacent sheets, formed typically as stacked assemblies or 
as spiral rolls, have been disclosed by Keefer (U.S. Patent No. 4,-968,329 and U.S. 

20 JRatent No. 5,082,473, which are incoiporated herein by reference). ^By operating with 
hig^-surface-area, laminated adsorbers, with the adsorbent supported in Ain sl^ts 
separated by spacers to define flow channels between adjac^t sheets, ^d withUie 
adsorbers mounted in a rotor 4o provide the PSA process valve logic with only one 
moving part, a high frequency PSA cycle can be perfoimed in an ex^rCTiely com^^sX 

25 apparatus as disclosed by Keefer et al. U.S. Patent No. 6,05 1 ,050, which is incoiporated 
herein by reference. 

Rotary adsorber wheels used in thermal swing adsorption (TS A) processes are 
typically built by spirally winding adsorbent sheet material <e.g. adsorbent impregpated 
paper) about the rotor hub in corrugated layers. Adjacent layers in the spiral roll are 
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separated by the corrugations. The corrugations define a large number of distinct flow 
channels between the two faces of the wheel, which contact feed and regen^ation zones 
in distinct angular sectors separ^ed by a sealing partition. The flow channels are 
typically several millimeters in cross-sectional height and width. £acb flow channel 
5 acts as a distinct adsorber, being sq)arated£*om the ndg^boric^ flow <:bannels by 
corrugations extending between adjacent adsorbent sheets in the spirally rolled rotor. 
This approach has been successfiil for TS A processes operating at low frequencies and 
with minimal pressure diflerraces between the feed and regeneration ^ - - 

Rotary adsorber wheels to be used in high performance PSA processes are 

10 subjected to large pressure gradients between the high-pr^sure adsorption md 

pressure regeneration zones. To achieve desirable high frequency operation *for bulk 
separation applications, such as oxygen enrichment fr<Mn air, &e flow cbaimels must be 
extremely narrow, e.g. less than 0.5 millimet^ and preferably about 0.2 millimeters 
cross-sectional height for cycle periods of about one second. The channels must be 

1 5 manufactured with hig^ precision to minimize channeling, and fluid leaks between 
adjacent adsorbers must be minimized. 

To avoid mechanical abrasion and flow erosion of fine parallel passage adsorber 
structures, individual adsorbers have been assembled as ''adsorbent laminates" from 
thin adsorbent sheets and spacers, as set fordi4)y Keder U.1S. Patrat No. 4,702,973, 

20 6,05 1 ,050, and Keefer et al in co-pending application "Rotary Pressure Swing 
Adsorption Apparatus," application No. 09/591 ^75, flie disclosuies of v^ch are 
incorporated herein by reference. Embodiments also are disclosed in applicants' co- 
pending application in which a multiplicity of adsorbs is formed within a single 
spirally rolled adsorbent laminate body, withdbbed spacers extrading axiaHy t>etweai 

25 adjacent sheets so as to define narrow flow channels, which serve as drstioct adsorbers 
that are ported at opposite ends to the rotary valve faces. The assipiee's copending 
application, entitied "Life Support Oxygen Concentrator," applicaticm No. 09/733^606, 
also is incorporated herein by reference. 
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Despite the technology discussed above, there still is a need for<^onipact PSA 
apparatuses, such as compact, rotary PSA apparatus operable at high apparatus and PSA 
cycle frequencies. Improved adsorbs for use with such devices also are needed. 



5 SUMMARY 

Embodiments of an apparatus and mediod useAil for PSA separation of a fluid 
from a fluid mixture containing a more readily adsoii^ed component and a less readily 
adsorbed component are described. Tbe more readily adsorbed component is — 
preferentially adsorbed from a feed fluid mixture by an adsorbent material \mder 

1 0 increase of pressure, so as to separate from the fluid mixture a heavy product fluid 

enriched in the more readily adsorbed component, and a lig^ht product fluid enriched in 
the less readily adsorbed component and depleted in the more readily adsorbed 
component. The PSA apparatus may be combined with other devices to form systems. 
For example, systems can be formed that include, for example, compression machinery 

IS and/or vacuum machinery cooperating v^th a number of individual adsorbers or 
"adsorbers" mounted in a rotary PSA module using rotary distributor valves. As 
another example, the PSA apparatus may be coupled to other devices, such as fuel cells 
for the automotive industry, or to oxygen delivery and monitoring equipment 4o 
medical oxygen generation. 

20 Important aspects of the invention may be categorized according to whether Ae 

PSA process is implemented sufastanti ally discretely or substantially continuously . The 
distinction is made in considering "Ae steps of the PSA cycle in which tibe adsorbers are 
undergoing pressurization or depressurization steps. H^e, the pressurization and 
depressurization steps include feed pressurization st^s, product pressurization stq>s, 

25 countercurrent blowdown steps, cocurrent blowdown, and equalization steps. 

In one category of embodiments, the PSA process is realized discretely by using 
a finite number "n" of adsorbers to implement the PSA cycle, such that one and only 
one adsorber at any typical instant will be undergoing each pressurization or 
depressurization step of the PSA cycle. Hence, one adsorber at a time is 
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communicating to a staler function port for any pressurization or dqjressurization step, 
and the pressure in that function port is changing along with the working pressure in 
that adsorber over the duration of that step. At the end of the step, that adsorber will be 
removed from fluid communication with that function port, while another adsori>er will 
5 be connected to the function port to undergo the^ame siep (either immediately or aAer 
a delay interval). The number "n" of adsorbers corresponds approximately to the 
number of steps of the PSA cycle, noting that the PSA cycle could be arranged ^or one 
or a plurality of adsorbers to sitDultaneously undergo the hi^ jHessure^rckiucdon siep 
and likewise one or a plurality of adsorbers to simultaneously undo'go the low pressure 

1 0 purge step of the cycle. 

In another category of embodiments (introduced in U.S. Patent No. 6,05 1 ,050), 
the PSA process is realized substantially continuously by using a much larger number 
V of adsorbers to implement the PSA cycle, such that a plurality of adsorbers at any 
typical instant may in phased sequence be undergoing a pressurization or 

15 depressurization step of the PSA cycle. Hie woiidng pressure in the function port of 
the pressurization or depressurization step will be approximately constant,^vCT as tiie 
working pressure in each adsorber changes while undergoing that stq). A throttling 
restriction (that may be provided by a narrow clearance between the ni^ching faces of 
the rotor and the stator adjacent that function port in 4be stator) is needed so that Ae 

20 pressure change of the pressurization or depressurization step for each adsorber is 

achieved relatively smoothly, while pulsations of the worldng pressure in tbe^fimction 
port of that step are moderated. If a larger number of adsorbers "tf^evenly spaced 
about the circumference of the rotor) can be provided, pressure pulsations in^e 
function ports will be further reduced and the PSA process will more closely 

25 approximate a continuous process. As "n" approaches infinity, the process becomes 
truly continuous. 

In the present invention, a PSA cycle defined for adsorbers is performed on 
a larger number '"N" of adsorbers cooperating in the same PSA cycle and in a rotary 
PSA module. Defining ''M" to be an integer, the number *T^" of adsorbers in a rotay 



wo 02/24309 PCX/ U SO 1/30 134 



9 



PSA module oftbedisclosedcmbodiinents is the product (N = nXM) where 'Visa 
number of "adsorber sets" which co-operate in a PSA cycle that is defined for "n" 
adsorbers, and "Kf* is the number of adsorbers in each adsoiter set. In a rotaiy 
module according to the invention, the adsorbers belonging io each adsorber set are 
S spaced angularly apart by an angle 360*^/M. 

Plural individual laminate adsorbers<eithcr spiral wound rolls or layered 
blocks) may be used, or a single spiral roll laminate adsoiber assembly may be divided 
into angular-segments-ftmctioning with separately phased working pressures as 
independent adsorbers. The present invention further provides examples of spiral 

1 0 rolled adsorbers divided by longitudinal channel spac^ into a very large numbo* of 
channels which each function as a distinct adsoiber, so as to achieve a nearly 
continuous PSA process. 

Plural rotary adsorber modules maybe used with a conunon layered manifold 
structure, applicable with any number of modules to very large PSA plants with the 

1 5 largest capacity rating of single PSA plant trains limited only by the largest capacity 
ratings of s^plicable compression turbomadxinory. 

Disclosed embodiments of the present invention enable hi^ frequency 
operation, e.g., generally greater than 25 cycles/minute, and prefo-ably hundreds of 
cycles/minute, of pressure swing and vacuum swing adsorption processes, wi& high 

20 energy efficiency and with compact machinery of low capital cost. The invention 
applies in particular to separation of air into its various fluid constituents. 

I. Described Embodiments of Adsorber Elements 

One of the described improvements concerns d^siiying and strengthening die 
25 ends of the adsorber elements, so that the adsorbent laminate structure can engage 
directly rotary valve faces without excessive abrasion or erosion of the fragile 
adsorbent, while ^during the large amplitude, cyclic pressure ^adients of a high 
frequency PSA cycle. While preserving highly precise uniformity of the flow chaimels 
porting into the valve faces so as to prevent channeling, the ends of the adsorbers are 
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filled around the flow channels so as to provide sufficient materia] to resist cross-port 
leakage between the channels in the valve face clearance. By allov/ing a v€iy large 
number of channels functioning as distinct adsorbers with tolerable leakage, diese 
improvements facilitate the use of PSA configurations with M > 1 . These 
5 improvements also enable the practicable use of spirally rolled adsoibcrs, without 
complex and bulky structure external to the adsorbers for pressure containment and 
partitioning of the individual adsorbers. 

In prefeired einbodinierits of the invention, the adsorbent is supported in the 

form of layered adsorbmt or "adsorbent laminate," formed #om flexible adsorbent 

10 sheets. The adsorbent sheets are thin sheets of adsoibentwitti a composite 

reinforcement, or as thin foils with the adsorbent. Flow t:hannels are estAlished by 
spacers forming parallel channels between adjacent pairs of sheets. The channel width 
between adjacent adsorbent sheets of flie experimental adsoibers has been in the range 
of 50% to 100% of the adsorbent sheet thickness. This "adsorbent laminate" 

1 5 configuration has much lower pressure drop than packed beds, and avoids the 

fluidization problem of packed beds. The adsorbent sheets are typically in the range of 
1 00 to 1 75 microns thick. 

The sheet-laminate provides desirable compliance to accommodate stacking or 
rolling errors. Spacer systems provide the necessary stability against unrestrained 

20 deflections or distortions that would degrade the uniformity of the flow channels 
between adjacent layers of adsorbrat sheet. 

n. Described Embodiments of a PSA Apparatus 

Disclosed embodiments of the apparatus for&er address the challenges of rotary 
25 PSA systems (both axial and radial flow) with M > 1 by providing layered manifolds 
(with interpenetrating ducts to connect individual manifold layers to coiresponding 
fonction ports of the PSA module) to accommodate all of the steps of a complex PSA 
cycle, suitable with equal compactMSS for any value of "M". This approach extends 
readily to accommodate a plurality of rotary PSA modules and their cooperating 
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compression machinery within a single layered manifold assembly for a single PSA 
plant train. Scale-up of modular PSA equipment to very large single train edacities 
thus becomes practicable, even with relatively small module ratings. 

Embodiments of the described rotary pressure swing adsorption apparatus 
5 having layered, interpenetrating manifolds typically include ststors that 4efine plural 
fluid ports, and a rotor, which provides rotational movement relative to the statOF(s), to 
rotate plural adsorber elements into and out of fluid communication with the fliud ports. 
Described embodiments also generally include a first^manifold for receiving a-feed 
fluid. The first manifold is intermittently fluidly coupled via the fluid ports to first ^ds 

10 of the adsorber elements, which may be annularly arranged in adsorber sets about &e 
axis of rotation. A second manifold also maybe intermittently Hindly coupled to first 
ends of the absorber elements in the adsorber sets. The second manifold typically 
receives an exhaust fluid fi-om the first end of the adsorber elements throu^ plusal 
exhaust ports defined by the stator. 

15 In certain embodiments, first and second annular manifolds are layered one on 

top of the other. The second manifold may receive or deliver fluid throu^ a fluid 
conduit penetrating through (or around the perimeter of) the first manifold, the 
combination of layered manifolds being referred to hereip as interp^etrating manifolds. 
More than two manifolds may be stacked in (tns layered arrangement, with at least two, 

20 and typically all, of the manifolds in the stack being interpenetrating manifolds. 

The adsorber elements t^ically are anranged in adsorber sets ^f various 
numbers, such as fi-om 2 to about 20 adsorber sets. Each adsorber set may include 
plural adsorbent elements. For a rotary bed apparatus, the adsorber elements may be 
annularly arranged about an axis of rotation such that for "^" adsorbers Ae angular 

25 spacing of the adsorbers is 360/N. Adsorber elements of the adsorber sets sequentially 
receive feed fluid from the first manifold. In particular embodiments, the rotary 
pressure swing adsorption apparatus is used for air separation, such that the feed fluid is 
air, the adsorber elements include a nitrogen-selective zeolite, and the exhaust fluid is 
nitrogen. 
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Described embodiments of the rotary pressure swing adsorption s^jparatus 
include staters which define fluid ports defined by the stalor circumferentially spaced 
about an axis and over a majority of the planar surfaces. Specific embodiments have 
the fluid ports spaced over 360 degrees of the stalor. For such embodiments, if tho-e are 

5 "M" fluid delivery or exhaust ports for a specific step of the PSA cycle, such ports may 
be arranged at an angular spacing of 360/M. 

In particular embodiments of the described apparatus, a second stator defines 
pressure swing adsorptionxycte -sectors, each sector being defined by a light product 
delivery port, light product withdrawal ports, and light reflux return ports. For sample, 

10 there may be three adsorber elements in a sector, with^ach adsorber element in the 
sector belonging to a different adsorber set. Corresponding adsoibers in different 
sectors each simultaneously may be engaged in a particular portion of the PSA cycle, 
such as initial pressurization and light product delivery, hi such embodiments, lig^t 
reflux withdrawal ports may be intermittently fluidly coupled to angularly lagging fluid 

15 return ports. In more particular embodiments, each sector comprises a hght product 
delivery port, a first light reflux withdrawal port, a second ligjit reflux wiftdrawal port, 
a third light reflux withdrawal port, a third light reflux retiun port, a second li^t reflux 
return port, and a first light reflux return port. Fluid conduits are provided that may he 
sealingly coupled to the ports as desired lo accomplished predetermined functions, i^or 

20 example, the first light reflux withdrawal port may be fluidly coupled to the first light 
reflux return port, the second light reflux withdrawal f>ort may he fluidly coupled to a 
buffer chamber, the buffer chamber subsequently being fluidly coupled to flie seccmd 
light return port, and the third hghtTcflux withdrawal port may be fluidly -coupled to the 
third light reflux return port. Moreover, the fluid ports may be arranged such that ^e 

25 second ends of the adsorber sets are sequentially fluidly coupled to the first product 
delivery port, the first light reflux withdrawal port, the second light reflux wi&drawal 
port, the third light reflux withdrawal port, tiie third light reflux return pOTt, the second 
hght reflux return port, and the first light reflux return port. 
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When dealing with a fluid, particularly a gas under pressure, care must be taken 
to mininiize fluid leaks. Accordingly, the rotary pressure swing adsorption q^paratus 
may further include seals located adjacent the adsorber element in' the valve face 
between the rotor and the stator, and positioned effectively to minimize fluid leidcs. 
Alternatively, the adsorber elements may directly engage a stator valve iace with a 
narrow clearance gap so as to achieve a sufficient level of fluid sealing between 
adjacent adsorbers in the rotor and the function ports in the stator, using the reinforced 
adsorber elements discussed herein. 

10 m. Described Embo'dimeDts of a PSA Metiiod 

The method comprises providing an embodiment of the described apparatus and 
then supplying at least one feed fluid to pressurize an adsorber element of the adsori)er 
sets to substantially a higiher pressure to initiate a pressure swing adsoiption cycle. 
Relative rotation is established between, e.g., adsorber sets or one or more adsorbent 

IS laminate spiral rolls, and first and second valves so as to define the steps of a PSA cycle 
performed sequentially in each of the adsoii>er flow channels, while controlling the 
timings of flow at specified total pressure levels between adsorber flow channels and 
compression machinery. This relative rotation is achieved at exactly the cycle fiequeocy 
or at the cycle fi*equency divided by an integer In certain disclosed embodiments, the 

20 adsorbent laminate roll is mounted concentrically in a rotor, which rotates relative to a 
stator including the first and second valves. 

A fiirst light product fluid is delivered at substantially the higher pressure. A 
light reflux fluid may be withdrawn in portions and ^ch portion used for a 
predetermined fimction. For example, portions of theti^t reflux fluid maybe 

25 transferred to a buffer chamber. Portions also may be transfeired to adjacent fluid inlet 
ports of second ends of adsorber elements in different adsorber sectors to accompli^ 
various desired tasks, such as desorption of a heavy component fi*om the adsorbent. 
The method also may include exhausting at least a second product -gas at substantially a 
lower pressure. The apparatus and method allow tibe assembly of a compact pressure 



5 
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swing apparatus that can perform process steps at a plurality of apparatus locations 
simultaneously, and ftirther allows multiple pressure swing adsoiption processes to be 
performed per revolution of the rotor. 

For particular embodiments of the method, light reflux fluid is withdrawn as 

S first, second, and third light reflux portions. The first li^t reflux portion is transferFed 
to a second end of an adsorber element of a lagging adsorber set, the second light reflux 
fluid portion is transferred to a pressure equalisation portion (e.^., a buffer chamber) of 
the ^paratus, and the third light reflux fluid portion is transferred^to*a second ^lid of an 
adsorber element in a leading adsorber set. The light reflux portions can be^vided in 

1 0 this manner for various reasons, including returning light reflux fluid to purge and 
partially repressurize the adsorber element. 



BRIEF DESCRIPTION OF THE DRAWINGS 
FIG. 1 is an axial section view illustrating one embodiment of a rotary PSA 
15 apparatus housing plwal compact adsorber elements organized in adsorber sets and 
having annular layered, interpenetrating manifolds. 

FIG. 2 is a cross sectional view of the apparatus of FIG. 1 taken ^ong line 2-2 
with n-3 and M'^^ for N==l 8 adsorber elements. 

FIG. 3 is a cross sectional view of the apparatus of FIG. 1 taken alonglme 3*3 
20 for embodiments having n=3 and M==6 for N=l 8 adsorber elements. 

FIG. 4 is a cross sectional view of the apparatus of FIG. 1 tak^ along line 4-4 
for embodiments having n=3 and M=6 for N=l 8 adsorber-elements. 

FIG. 5 is a cross sectional view of the apparatus of FIG. 1 taken along line 5-5. 
FIG. 6 is a cross sectional view of the apparatus of FIG. 1 taken along line 6-^ 
25 for embodiments having n=3 and M=6 for N=l 8 adsorber elements. 

FIG. 7 is a cross sectional view of the apparatus of FIG. 1 tak^ ^ong line 7-7 
for embodiments having n'=3 and M=6 for N-1 8 adsorbs elements. 
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FIG. 8 is a cross sectional view of an apparatus accordlDg to FIG. 1 taken along 
line 7-7 having a centrally located buffer chamber and for embodiments having n-3 and 
M=6 for N= 1 8 adsorber elements. 

FIG. 9 is a cross sectional view of the apparatus of FIG. 1 taken along line 9-9 
5 with n=6 and M==6 for N=36 adsorber elements. 

FIG. 10 is a cross sectional view of the ^paratus of FIG. 1 with n=^ and M=6 
for N=36 adsorber elements. 

FIG. 1 1 is a cross sectional* view ojFthe apparatus of FK3. 1 tak^n along line 1 1* 
1 1 with n=6 and M=6 for N=36 adsorber elements. 
10 FIG. 12 is a cross sectional view of an embodiment of the apparatus ofi^lG. 1 

taken along line 7-7. 

FIG. 1 3 is a cross sectional view of a one embodiment of a spirally wound . 
adsorbent laminate sheet. 

FIG. 14 is an axial section view illustrating one embodiment of a rotary PSA 
15 apparatus with M = 1 and having a spirally woimd adsorber directly ported to valve 
faces. 

FIG. 1 5 is a cross sectional view of the apparatus illustrated in FIG. 14 tak^ 
along line 15-15 for an embodiment with M ^ 1 . 

FIG. 16 is a cross sectional view of the apparatus illustrated in HG. 14 taken 
20 along line 1 6rJ 6 for an embodiment with M - 1 . 

FIG. 1 7 is a cross sectional view of the apparatus illustrated in FIG. 14 for an 
embodiment with M = 3. 

FIG. 1 8 is a cross sectional view of the apparatus illustrated in FK}. 14 ^br an 
embodiment with M = 3. 
25 FIG. 19 is a cross sectional view illustrating an embodiment of a PSA apparatus 

having inteipenetratingly layered manifolds. 

FIG. 20 is a cross sectional view iUustratin^g an embodiment of a PSA apparatus 
having inteipenetratingly layered manifolds. 

FIG. 21 is a cross sectional view illustrating a multiple module PSA system. 
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FIG. 22 is a cross sectional view illustrating a multiple module PSA system. 
FIG. 23 is a cross sectional view illustrating a multiple module PSA system. 
FIG. 24 provides details of an embodiment of an alternative adsoibent laminate 
structure that can be used in combination with tbe^mbodiments of the apparatus and 
5 method described herein. 

FIG. 25 provides details of an embodiment of an alternative adsorbent laminate 
structure that can be used in combination with the embodiments of the ^paratus and 
^'"•^^^method described herein. ' 

FIG. 26 provides details of an embodiment of an ^temative adsorbent laminate 
10 structure that<:an be used in combination with the embodiments of the apparatus and 
method described herein. 

FIG. 27 provides details of an embodin)ent of an alternative adsorbent laminate 
structure that can be used in combination with tiie embodiments of the £^paratus and 
method described herein. 
15 FIG. 28 provides details of an embodiment of an altemative adsorbent laminate 

structure that can be used in combination widi the embodiments of the apparatus and 
method described herein. 

FIG. 29 provides details of an embodiment of an alternative adsorbent laminate 
structure that can be used in combination with the*CTibodiments of the apparatus and 
20 method described herein. 

FIG. 30 provides details of an embodiment of an altemative adsorbent laminate 
structure that can be used in combination with &e embodiments of the apparatus and 
method described herein. 

FIG. 31 provides details of an embodiment of an altemative adsorbent laminate 
25 stmcture that can be used in combination with the embodiments of the apparatus and 
method described herein. 

FIG. 32 is a cross sectional view of the apparatus of FK3, 1 with n=6 and M=6 
for N-36 adsorber elements. 
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FIG. 33 is a top, cross-sectional view of a radial flow module with two cycles 
per revolution. 

FIG. 34 is a top view of the feed end of the module illustrated in FIG. 33. 
FIG. 35 is a top view of the product end of the module illustrated in FIG. 33. 
5 FIG. 36 is a cross sectional side view of the module illustrated hy FIG. 33. 



DETAILED DESCRIPTION 

L Introduction 

In a first embodiment, M = 1 so 4hat the compartments for a single cycle extend 
around the fuU circumference of SdO'', and the rotor revolves at exactly the cycle 
frequency. However, the invention may also be applied with M grealer than 1 , in which 
case the cycle fi-equency is M times ^e rotational frequency, and the full set of 
compartments for each cycle is repeated for each arc of 360^/M so that for eachprocess 
step th^e are M compartments at equal angular qsacings separated by 360°/M. Hie flow 
channels of the adsorbent laminate roll preferably have dose angular q)acings, -so that 
there is a very large number of flow channels functioning as distinct adsoibers to ^isure 
that the external flows to each st-q) of the PSA process are substantially unifomiin flow 
rate and pressure. 

Described embodim^ts^eatly impiii ve the j)racticability orhi^^yvic- 
frequency, rotary PSA systems with M > 1 . This is particularly true as the device size 
increases. A larger rotor diameter increases the sUding velocities on critical vsdve seals 
to worsen fi^ction and wear, so that major benefits can be achieved hy reducing those 
velocities by the factor "M", especially for applications involving hi^er workiiig 
pressures or higher working temperatures which further exacerbate seal reliabihty and 
life issues. 

The number •'N" of adsorbers in a rotary PSA module of the disclosed 
embodiments is the product ( N = n X M) where "n" is a number of "adsorber sets" 
which co-operate in a PSA cycle that is defined for "n" adsorbers, and "M*' is the 
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number of adsorbers in each adsorber set. In preferred embodiments, n > 2. Examples 
will be described for n = 3 and n = 6. However, other integer values of "n," such as n = 
5, also are highly suitable. 

If the rotor is rotating at a rotational frequency *T* corresponding to a rotational 

5 period "Tr = l/f, the cycle period "T" of the pressure swing adsorption cycle will be 
determined as T = Tr /M. The present invention applies to any integer value of M > 1 . 
Hence '*M" is the multiple by which the rotational period is increased for given "T". 
For very rapid PSA cycles with short period "T" of the order of one second or less, it is 
desirable to reduce the rotational frequency so as to reduce seal friction arid wear. 

1 0 The described embodiments facilitate the reduction of rotational frequency if 

desired by a relatively large multiplier "M", more ttian pnqjortionately reducing the 
power required to operate the rotor against fractional resistance of seals, and^greatly 
extending the life of critical seals. The described embodiments entirely overcome the 
problems of extremely complex external piping connections and possibly imbalanced 

15 flow that would be expected in multiplying the total number of valves requiring external 
connections by the multiple "Nf '. The described embodiments frulbennore enable 
highly compact PSA devices as may be required for enrichment of oxygen and 
purification ofhydrogen for automotive, friel cell power plants. The described 
embodiments also address the problems of how to achieve uniform loading of 

20 compressors and/or vacuum pumps coupled to a hig^ frequency PSA process, how to 
achieve high process performance in terms of product purity and yield, and 4iow4o 
achieve high overall energy efiBciency of the process. 

Hie described PSA processes establish the PSA cycle in each adsoAer set, 
within which the total working pressure in each adsoiber is cycled between a higb^ 

25 pressure and a lower pressure of the PSA cycle. The higher pressure is typically 
elevated above atmospheric, and the lower pressure is lowo* than that of the higlher 
pressure, and may conveniently either be atmospheric or subatmospheric. He PSA 
process also provides intermediate pressures between the higher and lower pressure. 
The compression machinery of the apparatus in general includes a feed fluid 
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compressor and a heavy product fluid exhauster. The exhauster may he a vacuum pun^ 
when the lower pressure is subatroospheric. When the lower pressure is atmospheric, 
the exhausterxould be an expander, or else may he r^laced by throttle means to 
regulate countercurrent blowdown. 
5 With the described embodiments, the feed compressor typically siq)plies feed 

fluid for feed pressurization of the adsoihers to a^first valv^e. The .exhauster typically 
receives heavy product fluid for countercurrent blowdown of the adsorbers from the 
-first valve 

A buffer chamber may be provided to co-operate with the second valve. He 

10 biifiTer provides the *'light reflux" ftmction of accepting a portion of the fluid inched in 
the second component as light reflux fluid •from a^>ed at the higher pressure and during 
cocurrent blowdown to reduce the pressure from the higher jnessure. nie bufifer 
chamber also stores that fluid for a brief interval, and th^T^tums that fluid to the same 
adsorbent bed to provide purge at flie lower pr^sure or to provide h'ght reflux 

15 pressurization to increase^e pressure from the lower pressure. The light reflux 
function enables production of die hght product with hi^ purity. 

For the examples of n - 3 and n = 6, described embodiments perform, for each 
adsorber set, the sequentially repeated steps within the cycle period as follows, while 
setting time "t" to start from zero at fee begiiming of the cycle period "T": 

20 Feed pressurization and production. Feed fluid mixture is admitted-to 

the first end of the adsorber set during a feed time interval ov^ approximately 1/3 of4he 
cycle period <0 < t < T/3), commencing when the pressure within^the adsorber set is a 
first intermediate pressure between the lower pressure and fee higher pressme, 
pressurizing fee adsoiber set to fee higher pressure<stq) Al , 0 < t < T/6 approximately), 

25 and feen delivering light product fluid from fee second ^end <stq) A2, T/6 < t < T/3 
approximately) at a Ught product delivery pressure which is substantially fee higher 
pressure less minor pressure drops due to flow fiicti(m. 

(B) Wifedrawing from fee second end a first li^t reflux fluid enriched in fee 
second component (at about fee end of step A2 of light product delivery) at 
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approximately the higher pressure during a brief time interval at or near the end of step 
A (T/3), 

(C) Equalization to buffer for n = 3, or directly to another adsorber set in 
1 80'' opposite phase for n = 6. While flow at the first end of the adsorber set is stopped 
S during a cocunrent blowdown time interval following step B, withdrawing a second 
Ught reflux fluid enriched in the second component as light reflux fluid from the second 
end of the adsorber set into the buffer, and dq)ressurizing the adsoiber set toward a 
second intermediate pressure between the higher presstire and the lower f»^sure,"oVera 
time within the interval T/3 < t <T/2. 

1 0 (D) Withdrawing a third light reflux fluid from the second end as purge flow 

for another adsorber set, during a brief time interx^al at about the^nd of stq) C (T/2). 

(E) Countercuirent blowdown and exhaust. Exhausting a flow of fluid 
enriched in the first component from the first end of the adsorber set during an exhaust 
time interval (T/2 < t < 5T/6), in step El (T/2 < t < 2T/3) to depressurize the adsorber 

IS set from the second intermediate pressure to the lower pressure, and &en in stq>£2 
(2T/3 < 5T/6) transferring a flow of third light reflux fluid from the second end of 
another adsorber set (whose phase is lagging by 120®) undergoing step D to purge the 
adsorber set at substantially the lower pressure while continuing to exhaust fluid 
enriched in the first component as a heavy product fluid. 

20 (F) Equalizing from buffer for n = 3, or diiectlyJiom another adsorber set 

(in 1 80® opposite phase) undergoing step C for n = 6. While How at the first -end of the 
adsorber set is stopped, second li^t reflux fluid reprcssurizes the adsorber set *fix)m 
substantially the lower pressure to the second intermediate pressure over a time within 
flie interval 5T/6 < t < T. 

25 (G) At about t = T, admitting a flow of first U^t reflux fluid directly 6x>m 

the second end of another adsorber set (whose phase is leading by 120^) undergoii^ 
step B as backfill fluid to increase adsorber pressure to the first interinediate pressure 
for the beginning of step A of the next cycle. 
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It will be appreciated by those or ordinary skill in the art that alternative light 
reflux flow patterns may be used. For example, some or all of the first light reflux fluid 
fi*on) step B could be used to purge another adsorber set during stq> E. Another 
variation would be to delete steps B and G, or delay step B to follow step A rather than 
5 overlap step A so it acts as a pressure equalization step. 

The process may be controlled by varying the cycle ^equency so as to achieve 
desired purity, recovery and flow rates of the light product fluid. Alternatively, the feed 
flow rate and the light product flow rate may be adjusted at a given cycle-£-equency;- so 
as to achieve desired Ught product purity. Preferably, light product flow rate is adjusted 

1 0 to maintain deUvery pressure in a light product receiver, by simultaneously varying feed 
compressor drive speed and the rotational frequency of the PSA module. 

In vacuum embodiments for oxygen enrichment from air, the first intermediate 
pressure and second intennediate pressure are typically approximately equal to 
atmospheric pressure, so that the lower pressure is subatmospheric (e.g. about^.3 to 0.5 

1 5 bars absolute, while the higher pressure may be in the range of 1 .3 to 3 bars absolute). 
Alternatively, in positive pressure embodiments the lower pressure may be atmospheric. 
In air purification applications, the first component is an impurity fluid or vapour, the 
fluid mixture is air containing the impurity, and the light product is purified air. Tor air 
separation apphcations, the fluid mixture is air, the first componrat is nitrogen, the 

20 second component is oxygen, the adsorbent material includes a nitrogen-selective 

zeolite, the light product is a fluid enriched in oxygen, and the heavy product is a fluid 
enriched in nitrogen. Product purity depends on a number of factors, including both 
operating parameters, such as cycle speed, operating pressures, operating temperatur*es, 
zeolites, etc., and output requirements, such as hydrogen purity r<equired formfeed to a 

25 fiiel cell or purity of medical oxygen for a medical patient. The light product purity for 
air separation typically is at least 80%+ oxygen, preferably 90%+ oxygen, and^ven 
more preferably 95%+ oxygen. 
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n. Detailed Apparatus DescripdoD With Reference To Drawings 

A PSA apparatus 10 as shown in FIG. 1 has an adsorber rotor engaged with a 
stator mutually defining a rotary axis 12. TTic adsoAer rotor includes a number "N" of 
adsorbers 14 mounted between a first rotor plate 16 and a second rotor plate 18, 
5 mutually attached by tie rods 20 and rotor^oover 22. 'n)c^x>tor is drivOT by a motor 24 
coupled to the first rotor plate by shaft 26. 

The stator includes a first stator portion 28 and a second stator poition 30, which 
are mounted in a fixed ^gnment relative to axis 12. l^e finst stator portion 28 includes 
a feed manifold chamber 32 annul arly disposed about the axis 12, and an exhaust 

10 manifold chamber 34 likewise annularly disposed about axis 12. A feed conduit 36 
connects the feed manifold chamber 32 to an external fluid feed supply, such as a 
compressor. An exhaust conduit 38 connects the exhaust manifold chamber 34 to an 
external exhaust, such as a vacuum pimip <if the lower pressure is subatmospheric),4o 
atmospheric discharge, or to other disposal for the second product. The second stator 

15 portion 30 is connected to a light product delivery conduit 40, with the illustrated%ed 
delivery conduit centrally disposed on the axis 12. 

Each of the adsorbers 14 has a flow path contacting adsorbent material between 
first end 42 and second end 44, respectively sealingly connected to ^e first and -second 
rotor plates 16 and 18. A first valve face 46 is defined between mutually sealing faces 

20 of the first stator portion 28 and the first rotor plate 1^. A second valve face 48 is 

defined between mutually sealing faces of the second stator portion 30 and the second 
rotor plate 1 8. The first end 42 of each adsorber element 14 is in fluid conm[iunication 
with the first valve face 46 by a first aperture 50 penetrating the first rotor plate K. Hie 
second end 44 of each adsorber element 14 is in fluid communication with the second 

25 valve face 48 by a second aperture 52 penetrating the second rotor plate 18. 

In the particular embodiment of FIG. 1, the adsorbers 14 £u^e formed of a sheet 
material supporting the adsorbent. Spacers define flow channels along Uie flow path. 
The sheet material is wound around a cylindrical core 54 to form a spiral roll 56 of 
adsorbent eixtending between the first and second ends 42, 44 of the adsorber element 
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14. Spiral roll 56 is seaJingly inserted in a containment tube "58, which is sealingly 
engaged with matching cavities in the first and second rotor plat^ 1 6 and 1 8. 
Adsorbers 14 may have alternative structures, such as a single roll as illustrated by FIG. 
13 and is discussed further herein. 

5 FIG. 2 is a cross sectional view of the apparatus of FIG. 1 taken along Imes 2-2 

illustrating the adsorbers 14 annularly disposed in a single ring about the axis 12. There 
aren = 3 adsorber sets (A, B and Qeach comprising m - 6 adsorbers 14 (Al^fll, CI, 
. .^...^..A2, B2, G2rA3, B3, G3, A4; B4, C4, A5, B5, C5, A6, B6, and C6) for a total oM 8 

adsorbers. The PSA cycle is perfonned in the three adsorber sets, with a phase shift of 

10 120^ bety/een the beds in the sequence of adsorber sets A, B and C. 

The adsorbent sheets comprise a reinforcement m^erial, in particular 
embodiments glass fibre, metal foil or wire mesh, to which the adsorbent material is 
attached, with a suitable binder. As shown in FIG. 1, an adsoiber 14, such as the 
illustrated adsorbent laminate roll, may have: a single adsoibent material throughout; 

1 5 may have homogeneous or heterogeneous combinations of adsorbent materials 
throughout or within a particular zone; or may have separate zones with«ach zone 
having a different adsorbent material. The illustrated adsorber 14 has a first zone 60 
adjacent first end 42, and a second zone 62 extending to second end 44. First zone^O 
contains a first adsorbent material, such as a desiccant, one -example of v/tnch is 

20 activated alumina. The second zone 62 typically contams a second adsorbent material, 
such as a zeolite adsorbent. For this arrangement, -zone 60 exiends^v^ about 13% of 
the flow channel length between the first and second ends 40 and 42, and zone 62 
(which may in turn be subdivided into a plurality of zones containimg different 
adsorbents) comprises the remaining €5%. For air separation to produce enriched 

25 oxygen, typical adsorbents in second zone 62 include types X, A or chabazite zeoUtes, 
typically exchanged with hthium, calcium, strontimn, magnesium and/or other cations, 
and with optimized siUcon/aJumim'um ratios as weU known in the art. The zeolite 
crystals are bound with siUca, clay and other binders, or self-bound, within the 
adsoibent sheet matrix. 
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FIG. 1 3 shows a single adsorbent laminate roll 56 formed between outer wall 64 
and inner wall 66 of the adsorber bousing 67 for use particularly with continuous 
systems. The adsorbent laminate roll 56 is fonned of a spirally rolled adsoibent sheet 
68, with spacers 70 between the sheets to define fluid flow channels 72 in ihe axial 
5 dir^tion while preventing transverse How between the flow channels. The spacers 70 
extend axially between the first and second ends 42 and 44 so as 4o defibne flow channels 
72 serving as distinct adsorbers. 

Satisfactory adsorbent sheets 68 have been made^by^coating a^^luiryof zeolite 
crystals with binder constituents onto the reinforcement material, with successful 

10 examples including nonwoven fibreglass scrims, woven metal fabrics, and expanded 
alunmdimi foils. Spacers 70 are provided by printing or embossing the adsorbent sheet 
68 with a raised pattern, or by placing a fabricated spacer 70 between adjacent pairs of 
adsorbent sheets. Alternative satisfactory spacers have been provided as woven metal 
screens, non-woven fibreglass scrims, and metal foils with etched flow channels in a 

1 5 photolithographic pattern. 

One important improvement provided by 4he present invention is adsorbers 14 
having reinforced channels for directly porting to first valve face 46 and/or second 
valve face 48. These adsorbers can be used with various PSA apparatuses, including an 
apparatus having layered and/or interpenetrating manifolds as illustrated by FIG. 1. 

20 However, such adsorbers .also can be used with other embodiments of a PSA apparatus, 
as illustrated by FIG. 14. FIG. 14 shows flow chani>els 72 being directly ported into the 
first valve face 46 and second vaJve face 48. Narrow densified zones 78 and 80 of flie 
adsorbent laminate roll respectively terminate the fiirst and second ends 42 and 44 of the 
flow channels 72 so as to enhance wear and leakage resistance in the valvefaces. Zones 

25 78 and 80 may be filled with a filler material, e.g. an inert ceramic material, a polymeric 
material, a metal or alloy material, or mixtures of such materials. Spirally wound 
metallic strips also may be used to connect the spacers 70, while maintaining open fluid 
communication of the flow chaimels 72 to valve faces, and also maintaining closely 
identical flow resistance of the channels to high accuracy so as to avoid channelling. 
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Narrow densified end zones 78 and 80 of the adsorbent laminate roll 
respectively terminate the first and second ends 42 and 44 of the flow channels 72 so as 
to enhance wear and leakage resistance in the valve faces. Reinforcement and/or 
densification may be achieved by impregnation of end zones 78 and 80 with a suitable 
5 substance for hardening tiie ends of the adsorbent sheets, for -example a silicate 

rigidizer, a water glass or a tbennoset plastic compound. Zones 78 and 80 may also be 
reinforced by providing a filler to narrow the channels in the end zones <and thus 
increase thecross-sectional area^ofsolid material toiMt>vide improved resistance to 
wear irom rubbing abrasion or fluid erosion in the valve face between the rotor and 

10 stator, and also to reduce leakage flows in the valve face). The^fiUer material for the 
channels in the end zones may be an in^ ceramic -materia], a polymeric material, a 
pyrolytic carbon, a metal or alloy material, or mixtures of^uch materials. A^ramic 
filler materia] may be introduced as a clay precursor material prior to firing. A 
thermoset plastic polymer filler may be used for applications whose adsorbents do not 

1 5 need high temperature activation, or may be converted to coke or pyrolytic ca34>on 
during the firing process for activation of adsoibents &at are activated at elevated 
temperature. Spirally wound metallic strips in end zones 78 and SO^and terminated in 
the valve face so as to provide dur2d3ility for wear and leakage resistance) also may be 
used to coimect the spacers 70, while maintaining open fluid communication of the flow 

20 channels 72 to valve faces, and also maintaining closely identical flow resistance of the 
channels to high accuracy so as to avoid chaimelling. 

FIGs. 4-7 are cross sectional views oflhc apparatus illustrated by FIG. 1. FIG. 
4, a cross sectional view of the apparatus of FIG. 1 tak^ along line 4-4, illustrates the 
second apertures 52 of the second rotor plate 18 in the second valve face 48. 

25 Equivalently, FIG. 5 shows the feed ports 82 and the exhaust ports 84 of the first stator 
portion 28 in the first valve face 46. Since m = 6, these ports for the first functions of 
feed and exhaust are provided in sets of six ports, each separated by angular spacing of 
36076 = 60^ 
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FIG. 6 is a cross sectional view of Oie apparatus of FIG. 1 across the feed 
manifold 32 taken along line 6-6. FIG. 6 shows transfer conduits 86 by which the 
exhaust ports 84 communicate to tbe exhaust manifold 34 inteipenetratingly with the 
feed manifold 32. By providing layered, annular manifolds concentric with the axis 12 
5 for the first functions, -good flow distribution is achieved 4o the adsoibers 14 comprising 
a single adsorber set connected to the corresponding function (feed or exhaust) at any 
instant. 

^..EUGJZis-aicross sectional view of the apparatus 10 of FIG. 1 taken along line 7- 

7. FIG. 7 illustrates second function ports in the second valve face 48 within flie second 

10 stator portion 30. FIG. 7 illustrates function pcnts for tlu-ee li^t reflux stages. The 
second functions depicted are light product <}e]iveiy, light reflux withdrawal 4om tiie 
adsorbers 14, and light reflux return to the adsorbers. For this -embodiment, within each 
angular sector of 360*^/6 = '60** about the axis 12, the second valve function pcMts 
include: a bght product delivery port 88 communicating to li^t product delivery 

1 5 conduit 40 via flm'd conduit 90; a first light reflux exit port 92; a second light xeflux exit 
port 94; a third light reflux exit port 96; a first light reflux return port 98; a second li^t 
reflux return port 100; and a third li^t reflux return port 102. Fluid communication 
between each pair {first, second and third) of light reflux exit ports t92, 94, 96) and 
return ports <98, 100, 102) is provided as fluid conduits 104, 106 and 108, within the 

20 second stktor portion 30. Each fluid conduit 104, 106 and 1 08 includes pressure 
letdown means, such as an orifice, for the respective Ught reflux gas. The illustrated 
embodiment includes a buffer chamber 1 10 for the second li^t reflux gas. 

The first, second and third light reflux gases have descending light componrat 
purities. They are withdrawn firom the adsorbers 14 in the order of deseeding purity, 

25 and then returned in the reverse order of ascending purity. Consequently, the ligjit 
reflux is stratified so as to maintain superior purity of the light product 

FIG. 8 is a cross sectional view illustrating the same action -as FIG. 7 but of an 
alternative embodiment of the apparatus 10 of FIG. 1. HG. 9illustrates an alternative 
arrangement with a single, centrally located buffer chamber 112 that may be installed in 
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tbe central cavity of the rotor, instead of providing separate buffer chambere 1 10 for 
each of tbe "M" angular sectors. Central buffer chamber 1 12 communicates to each of 
the «M» second light reflux exit ports 94 by a fluid conduit 1 14, and to cach of the "NT 
second light reflux return ^XMts lOO by a fluid conduit H6. 

in the embodiment illustrated *y*IGs. 15-16, ilow channels 72 through the 
adsorbers are parallel to axis 12. As awsult, flow direction is axial. The first valve 
face 46 and second valve face 48 are^hown as Hat annular discs nonnal <o axis 12. 

nOs. 15 and 1 7 are cross sectional views of PSA moduk4©'offIG.-14 taken 
alonglines 15-15. HGs. 16 and 18 are cross sectional views of module lOofFIG. 14 

alongline 16-16. Arrow 120 ineach section djows the direction of rotation of the 
adsorbers about axis 12. 

nC. 15 shows the first stato- vaivefacc 46 of tiie fii« st^or 28. Fluid 
connection 1 22 is shown to a feed compressor 1 24 to induct -feed air through inlet^filter 
1 26. Fluid conduits to vacuum pump«xhauster 1 28 deliver mtrogen-enriched second 
product to a second^product delivery-conduit 129. <DonHwessor 124 and^xhauster 128 
are shown coupled to a drive motor 1 30. 

In the annular valve face between circumferential seals 134-and J36<See-F!G. 
M), the open areaof first staler valvefaee46 ported to the»feed and exhaust ports 82 
and S4 is indicated hy clear angjUar segments 140-152-coiTesponding to the firet 
functional poPts<»mmunicating directlyJolimctionri^p^rts'ideiti^ by:flje^^^s^ 
reference numerals 140-152. The substantiallyclosed-areatjf valve<faGe464)etwe6n 
functional ports is indicated4jy hatched ^ors 154 and 156, for^xampfe, which are 

sKppers with ideaHy zero dearancc,<)r in actual practioe a naiTOwclear^to reduw 
Miction and wear without excessive teakage. Typicaldosed sector 154provides a 
transition for^adsorber 14,<)etween*emgopentopoTt 146 and opentoport 148. 
Gradual opening.is provided by a tapering clearanoe channel between the slipper and 
the sealing face, so as to achieve gentle pressure^ualization of an adsorber 14being 
opened to a new port. Much wider closed sectors <e.g. 156) are provided to 
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substantially dose flow to or torn one end of the adsorbers 14 when pressurization or 
blowdown is being performed from the other end. 

The feed compressor 124 provides feed air to feed pressurization ports 140 and 
142, and to feed production port 144 via fluid conduits 122C, 122B, and 122A, 
S respectively. Ports 140 and 142 have successively increasing woiidng pressures, while 
port 1 44 is at the higher working pressure of the PSA cycle. Compressor 1 24 4hus may 
be a multistage or split stream compressor system delivering the appropriate volume of 
feed flow to each port 140; 142 or 144-so'asi;a'iarfrieve the pressurization of adsorbers 
14 through the intermediate pressure levels of ports 1 40 and 1 42, and then the final 

10 pressurization and production through port 144. A spUt stream compr^sor system (not 
shown) may be provided in series as a multistage compressor with intmtage deUvery 
ports; or as a plurality of compressors or compression cylinders in parallel, each 
delivering feed air to the working pressure of port 140, 142 and 144. Alternatively, 
compressor 124 may deliver all the feed air to the higgler pr-essure, with throttling of 

15 some of that air to supply feed pressurization ports 140 and 142 at their respective 
intermediate pressiu-es. 

Similarly, vacuum pump 128 exhausts nitrogen-enriched, heavy product gas 
from exhaust port 152, which is at the lower pressure of the cycle and from 
countercuirent blowdown ports 148 at the successively. increasing working pressures of 

20 those ports. Thejsarly countercurrent blowdown stream from port 146 is released at 
ambient pressure directly to heavy product delivery conduit 129 via fluid conduit 158. 
Similarly to compressor 124, vacuum pump 128 may be provided as a multistage or 
split stream machine, with stages in series or in parallel to accq)t each flow at the 
appropriate intermediate pressure ascending from the lower pressure. 

25 In other embodiments, the lower pressure is ambient pressure, so that exhauster 

128 would be an energy recovery expander. In yet other embodiments, the presst^e of 
an intermediate port 148 could be substantially atmosph^c, so that exhauster 12% could 
be replaced by the combination of a vacuum pump compressing lower pressure exhaust 
gas from port 150, with this vacuum pump partly or completely powered by an 
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expander expanding early countercurrent blowdown gas from port 1 46. This 
combination of a vacuum pump and an expander could be replaced by an ejector with a 
nozzle fed from port 146 energizing suction from port 1 52, and the mixed flow from tiie 
. ejector dififuser being discharged to exhaust conduit 1 29. 
5 FIG. 16 shows the second stator valvcface 48, taken along line 16-16 of FIG. 

1 3. Open ports of the second valve face 48 are second valve function ports 52 
communicating directly to a light product delivery port 160; a number of light reflux 
exibports 1 62, t64rl*66^d"168; and the same number of light reflux return ports 170, 
1 72, 1 74 and 1 76 within the second stator. The second valve ftmction ports 52 are in 

10 the aimular ring defined by circumferential seals 134 and 1 36<See FIG. 14). Each pair 
of light reflux exit and return ports provides a stage of light reflux pressure letdown, 
respectively, for the PSA process Amotions of supply to backfill, fiiU or partial pressure 
equalization, and cocurrent blowdown to purge. 

Illustrating the option of light reflux pressure letdown with energy recovery, a 

15 split stream, Ught reflux expander 180 is provided to provide pressxire letdown of four 
light reflux stages with energy recovery. The4ig)it reflux expander 180 serves as 
pressure let-dov/n means for each of four light reflux stages, each stage having a light 
reflux conduit respectively between light reflux exit and return ports 162 and 1 76, 164 
and 1 74, 1 66 and 1 72, and 168 and 1 70 as illustrated. 

.20 Light reflux expander 1 80 is shown coupled to a ligjht product, pressure booster 

compressor 1 82 by drive shsA 1 84. Compressor 1 82 receives the light product md 
delivers light product (compressed to a delivery pressure above the higher pressure of 
the PSA cycle) to delivery conduit 129. Since the li^t^flux and li^t product we both 
enriched oxygen streams of approximately ihe same purity, expander 1 80 and li^t 

25 product compressor 1 82 may be hermetically enclosed in a single housing which ^nay 
conveniently be integrated with the second stator as shown in FIG. 14. This 
configuration of a "turbocompressor" oxygen booster without a sqjarate drive motor is 
advantageous, as a useful pressure boost of the product oxygen can be achieved without 
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an external motor and corresponding shaft seals, and can also be very compact when 

designed to operate at very high shaft speeds. 

Light reflux expander 1 80 also may be used to power a vacuum pump 1 28 (or a 

portion thereol), or alternatively to power rotation of the adsorber rotor. As disclosed 
5 by Keefer ct al. <U.S. Patent No. 6,05 1 ,050), the light reflux expander 1 80 may be 

provided as a single impulse turbine wheel with a separate nozzle for each li^t reflux 

stream undergoing pressure letdown. 

While the above examples primarily deal wift tiie relatively lowpeli^Irgluid 

ambient temperature PSA apphcation of oxygen -enrichment over nitrogen-selective 
10 adsorbents, it will be evident that disclosed embodiments of the invention, or important 

aspects hereof, may be applied to the ftiU range of PSA applications in commercial use 

or imder research investigation. In particular, the invention applies to hydrogen 

purification extending up to high working pressures, and io high temperature 

applications of PSA including-direct coupling of PSA toxhemical reaction processes. 
1 5 FIGs. 1 7 and 1 8 for M = 3 conrespond to FlGs. 1 0 md 1 1 for M = 1 . 

Corresponding reference numerals followed by a su£Bx A, B or C, etc., are used where 

an item of FIGS. 10 or 11 is rephcated in FIGs. 17 or 18. 

It also will be appreciated that the "M" second function ports for any other 

second function could be gather^ into a single annular manifold for that function, 
20 exactly as illustrated in FIG. 14 for the first functions. This is particularly desirable if 

the pressure letdown ftmction for li^t rdSux is to be pro>dded by an adjustable throttle 

or by an energy recovery expander. 

Since only one adsorber set is connect to the ^eed-sup^ly means (or to >&e 

exhaust means) at any time, except for very brief valve switching intm^als, while an 
25 adsorber set is always connected to each of those functions, good loading is achieved 

for a feed compfessor or an exhaust vacuum pump perifoiming tiiose ftinctions. The 

feed manifold 32 can be configured with ext^ded surface walls, so as tojnovide an 

aftercooler duty for the feed compressor. 
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Furthermore, the volume of the feed manifold 32 is minimized so that the 
delivery pressure of the feed compressor 124 can follow the pressurization of the 
adsorber set, thus avoiding delivery of feed gas at a higher pressure dian actually 
needed by the adsorber set. The feed compressor 124 therefore is partially unloaded 
5 from delivery of feed gas at iuU pressure during the early portion of each feed interval. 
Hence, the average delivery pressure of the feed compressor 124 can be reduced, and its 
power consumption can be reduced significantly compared to a feed compressor 
delivering the same mass flow of feed^gas at confinuously'tlie higher pressure of the 
process. 

10 Sinnlarly, the volume of the exhaust manifold 34 is minimized so that the 

suction pressure of the vacuum pump can follow the depressurization of the adsorber 
set, thus avoiding withdrawal of second product gas at a lower pressure than actually 
released by the adsorber set The vacuum pump 1 28 therefore is partially unloaded 
from operation at full vacuum dining the early portion of each exhaust interval. Hence, 

15 the power consumption of the vacuum pump 128 can be signi£cantly reduced compared 
to a vacuum pump exhausting the same mass flow of second product gas at 
continuously the lower pressure of the process. 

FlGs. 1 9 throu^ 21 illustrate a rotary PSA module with M = 3, liaving 
interpmetrating, layered manifolds 

20 FIG. 19 shows tbe oise of a layered manifold 1 90 for connecting all of tlie feed 

ports 82 and exhaust ports 140, 142, 144, 146, 148 and 152 in the first valve face 46 4o 
coiresponding compression and exhaust stages in accordance with FIGs. 15 and 17. 
Manifold layers 140', 142', 144% 146% 148' and 1 50' <using primed reference numtffals 
for the manifold layers corresponding to each feed or exhaust poits) are mutually 

25 separated by plates 192 and bounded by external walls 194. Plates 192 may be 
poietrated by ducts 1 96, 1 98, connecting valve face ports to distinct corresponding 
ports. 
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The layered manifold 1 90 may be constructed from welded steel plate, or for low 
pressure applications from fibre-reinforced plastics for each plate 192 and the 
inte7XX)nnecting ducts and the side walls 194. 

FIG. 20 shows the further use of a second layered manifold 200 for withdrawing 

5 product and light reflux streams from ports 160, 162, 164, 166 and 168 in the second 
valve face 48, and returning light reflux streams to ports 170, 172, 174, and 176 after 
pressure letdown. Again, primed reference nimierals correlate^ach manifold layer with 
the corresponding port, while inteipenetrating ducts (c.g. 108) connect each port to Ac 
corresponding manifold layer. 

10 FIG. 21 shows two modules 202, 204 mounted on a single layered manifold 206 

connecting feed and exhaust flows to a common compressor 124 and vacuum pump 
128. The modules 202, 204 are arranged in a row. However, this arrangement clearly 
may be altered, such as extended to include more modules in the row or more rows of 
modules in parallel staggered rows. 

IS In other embodiments, the compression machinery may be centrally located in 

the layered manifold, while the PSA modules may be advantageously arranged in a 
hexagonal airay for favourable flow distribution and minimal pressure drop. In stiU 
other embodiments, the modules may 4}e moimted in combination with a single 
manifold layer. It is noted that the embodiments concern any combination of the above 

20 disclosed manifold configurations. 

FIG. 22 extends this modularization concept to a large PSA plant with eightera 
modules 10 connected in parallel to a common layered mmifold 210. In this 
configuration, the compression machinery is centrally located in the layered manifold 
210, while the PSA modules 10 advantageously may be arranged in aliexagonal array 

25 as shov^ in FIG. 23 for favourable flow distribution and minimal pressure <irop. 

FIG. 22 shows details of particular multistage, axial machine configurations for 
the compressor 212 and vacuum pump 214. Each compressor -stage faas rotor blades 
216 followed by stator blades 218. Bleed streams are withdrawn 4>etween the stages 
into feed manifolds 140' and 142% while the remaining mass flow is delivered by tbe 
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final compressor stage to maxufold 210. The first stage receives ambient air through an 
intake filter and silencer 220. It will be noted that the axial compressor stages are 
highly tapered for reduced sectional flow area toward the high pressure end, taking 
account of compression as well as mass flow withdrawal from interstage bleeds. 
5 Each vacuimi pump stage has rotor blades 222 and staler blades 224. The 

lowest pressure exhaust stream ent^ the first stage from manifold V52\ while 
supplementary exhaust streams are injected into the ascending stages from manifolds 
- 1 4S'. In this embodiment, the earliest coimtercurrent blowdown stream exits manifold*^' 
146' at approximately ambient pressure, and is -entrained by the vacuum pxmip 
1 0 discharge in exhaust difiuser 226. As mass flow is being added between stages to of&et 
the effect of compression, the vacuum pump stages may be non-tapped or only slightly 
tapered. 

The layered manifold 210 is supported on pedestals 228 to faciUtate access for 
the compressor. Alternatively, an excavated^entral well may be provided to 

15 accommodate installation of the compressor and its drive. It will be appreciated that 
this plant configuration readily allows servicing access to the compr^sion machinery 
and to the PSA modules, which may be removed and exchanged simply by 
disconnecting and reconnecting the product delivery lines 230. 

The layered manifold 210 may*exonstructed of welded steel plate, or^r very 

20 large plants preferably from reinforced concrete. Transverse.reinforcing struts may be 
provided to assist the interpenetrating ducts and side walls in supporting compressive 
stresses due to structural.wei^t and subatmospheric pressures, or tmsile stjesses due to 
positive pressures overcoming tbe*structural weight above a 'given manifold layer. 
Suitable flange inserts will be needed in a concrele layered manifold to provide 

25 adequate static sealing surfaces mating with the modules. With concrete construction 
for plates 1 92, the weight of the upper layers wiU assist in containing elevated working 
pressures within lower manifold l&yesrs. Hrace, it is desirable that the lower layers of 
the manifold be used for higher pressures, and that the upper levels of iht manifold be 
used for lower pressures of the PSA cycle. 
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While the above examples priraarily deal with the relatively low pressure and 
ambient temperature PSA application of oxygen enrichment over nitrogen-selectivc 
adsorbents, it v^U be evident that the invention, or important aspects thereof, day be 
applied to the ftill range of PSA apphcations in commercial use or under research 
5 investigation, hi particular, the invention applies to hydrogen purification extending up 
to high working pressures, and to high temperature apphcations of PSA including direct 
coupling of PSA to chemical reaction processes. 

III. Detail Portion 76 of Alternative Adsorbent Structures 

10 FIGS. 24-30 show section detail 76 of alternative adsoibent laminate structures 

forming the spiral roll 56 of FIG. 13. FIG. 27 shows parallel spacers 70 on an adsoibent 
sheet not yet formed into the spiral roll, with fillers 240 of inert material narrov^ng the 
flow channels to contracted flow channels 72 in end zones 78 and 80, and ported 
respectively to the first valve faces 46 and second valve faces 48. The filler material 

15 (e.g. ceramic, polymeric materials, metal/alloy material, or combinations thereof) 240 is 
selected for durability and favourable wear properties. Fillers 240 may be fabricated as 
part of the spacers 70 (with accurate dimensioned gaps left between the fillers for flow 
channels 72') before winding the roll. Alternatively, fillers 240 may be cast in place 
while the roll is being wound or subsequently, using narrow and precisely dimensioned 

20 mold cores or fugitive inserts to form the contracted channels 72'. 

FIG. 24 shows the spacers 70 as ribs fonned on the adsoibent sheets and 
extending across the sheets transverse to the winding direction as shown in FKj. 28. An 
adsorbent slurry or other bonding sealant maybe applied to the crests of '^ao^ 70 
during winding, so as to provide transverse sealing between adjacent channels 72. 

25 FIG. 25 shows the spacers provided as wires or narrow bars 242 between 

adjacent layers of the spiral roll. Tbt vmes 242 are evenly spaced in the winding 
direction to define flow channels 72. Wires 242 may be braced with fine cross wires or 
foils to define a spacer mesh. FttS. 25 is a section across adsorbent zones ^ or 62, 
while FIG. 29 is a section across end zones 78 or 80. FIG. 29 shows filler 240 defining 
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the contracted flow channels 72 (here filler 240 may be a portion of metal strips bracing 
wires 242 in the end zones» while such strips may be spirally wound as part of a spacer 
mesh over the adsorbent sheet being rolled). 

FIG. 28 shows a corrugated spiral roll formed by winding flat adsorbent sheets 
S 68 altematingly with corrugated adsorbent sheetS'^S*. The flow channels 72 here are 
sinusoidal in section, which is less desirable owing to stagnant How in the comer 
interstices. 

In FlGs. 29 and 30, contracted flow channels 72' are formed by positionmg 
filler 240 within the corrugations, accurate dimensioning of the flow channels 72' being 

10 achieved eitho* by mold inserts or by fugitive channel formers, such as polym^c 
hollow fibber, which can be removed chemically or physically, e.g. by combustion or 
dissociation, or by phase change to liquid or vapour fonns. In adsorbent zones ^ and 
62, the filler 240 would be an appropriate porous adsoii>CTt material, while in end zones 
78 and 80 the filler preferably may be a durable and dense inert materia] 21*0. The end 

1 5 zone filler 240 alternatively may be an adsorbent material, which has been hardened by 
a rigidizing treatment. 

In FIG. 30, an adsorbent sheet 68 has been divided into two adsorbent layers 
68A and 68B on opposite sides of a metal foil 244. The metal 4bil may be any metal 
suitable to prevent fluid flow through such adsorbent sheets, and which provides 

2^0 desirable thermal properties of enhanced heat capacity and thermal conductivity to the 
adsoihent laminate. One example of such a metal is aluminium. Alternatively, tiie 
metal foil 244 may be a ferritic stainless steel, prefers^ly contammg some aluminium 
which can be oxidized or anbdised to form a textured alumina surface for favourable 
adhesion of zeolite or alumina coatings 68 A and^SB. 

25 A steel or stainless steel foil (or directional non-metallic fibre reinforcements) 

may be used to give desired tensile str^gth and stifibess to the adsorbent laminate 
sheets. Because the adsorbent sheets and flow channels are-quite thin, angular pressure 
gradients between angularly separated zones of instantaneously hi^ pressure and low 
pressure in the adsorbent laminate roU will result in rather small tensile (or 
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compressive) hoop loads on the laminate sheets. Consequently, the adsorbent laminate 
roll (formed from suitably reinforced adsorbent sheet) can be substantially self- 
supporting under cyclic pressure variations of the PSA cycle, even when operating at 
hi£h v^orking pressures in the range of 20 bars or more as frequently required in 
S industrial hydrogen purifrc^on. 

The spirally wound adsorbent laminate roU may be terminated by winding 
external multi-layer vsrraps of steel or stainless steel foil in order to provide uniform 

^-'tensile preloading, and unifoim radial pressure and strains, in the adsorbent lammate. 

This also ensures tight static seeing of the exterior of the roll against bypass leakage. 

10 The product gas at substantially the higher pressure of the PSA cycle canbe circulated 
on the outside of the wr^ped spiral roll so that the adsorber bousing is subjected to 
primarily compressive loads. The adsorbent laminate sheet and spacers need to 
viithstand-cyclic lateral compression loads in this approach. 

In FIG. 31, narrow and densely packed roimd flow channels 72* arefonned in 

1 5 adsorbent filler 240 between adsorbent sheet layers^S during the winding operation. 
Ibe channels 72' are defined by fiigitive fibnres or hollow fibres to be removed afler &e 
adsorbent slurry has hardened. Water first may be removed throu^ fiigitive hoUow 
fibres foimed from a hydrophilic polymer. The position of the fibres in^eadi spacer 
Jayer may be defined by woven cross fibres, which are «ot diown in FIG. 31 . 

20 

IV. PSA Cycle 

The angular position and angular width of flie apertures in FIG. 4, the^first 
fimction ports in FK3. 5, and the second fiinction ports in FIGS. 7 or 8, are selected in 
order to achieve the correct timing of the PSA cycle steps. For the embodiment of n = 
25 3, the cycle is divided into six process stqjs: 

<a) supplying feed gas mixture to &e fii^ end of the adsorber el^oit over a 
feed interval which is substantially 1/3 of the cycle period so as to pressurize the 
adsorber element to substantially the hi^ier pressure, and then to deliver light product 
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gas from the second end of Ibe adsoiter element at substantially the higher pressure less 
flow frictiona] pressure drops, 

(b) withdrawing a first light reflux gas enriched in the less readily adsorbed 
component from the second end of the adsorber element at about the end of the feed 

5 interval, and delivering the first light reflux ^as to another adsorber element <whose 
phase is lagging by 120^), 

(c) withdrawing a second light reflux gas enriched in the less readily 
adsorbed component from the second end of the adsoiber element to depressunzir^t~ 
adsorber element after the feed interval, and delivering the second light reflux :gas4o a 

10 buffer chamber, 

(d) withdrawing a third light reflux gas enriched in the less readily adsoibed 
component from the second end of the adsorber element to fiirther depressurize that 
adsoAer element, and delivering the first li^t reflux gas to another adsoAer element 
(whose phase is leading by 120°), 

1 5 (e) withdrawing second product gas at an e^diaust pressure from the first end 

of the adsorber element over an exhaust interval which is substantially 1/3 of the cycle 
period so as to ftuther depressurize that adsorber element to substantially the lower 
pressure while delivering the second product ^as, 

(f) supplying third li ght reflux gas fit)m another adsorber element (whose 
20 phase is lagging by 1 20°) to the second end of the adsorber element, so as to purge the 

adsorber element during the latter part of the exhaust interval, 

(g) supplying second light reflux gas from the buffer chamber to the second 
end of the adsorber element, so as to partially repressurize the adsorber element prior to 
the next feed interval, 

25 (h) supplying third light reflux gas from another adsorber element (whose 

phase is leading by 1 20°) to the second end of the adsorber element, so as to ftuther 
repressurize the adsorber element prior to ttie next feed interval, and 

(i) cyclically repeating the above steps over successive rotational angles of 
360°/ni, while feed gas is continuously supplied to substantially one adsorber set at a 
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time, and exhaust gas is continuously removed from substantially one adsorber set at a 
time. 

FlGs. 3 and 9-12 apply to an allemative embodiment with n = 6, m = 6 and N 
36. FlGs. 3 and 9 are alternative sections of FIG. 1 showing the 36 adsorbers. FIG. 3 
5 shows two annular rings each of 1 8 spiral roll adsorbers 1 4 as shown in FIG. 1 . FIG. 9 
shows alternative adsorbers 14 formed as stacks of rectangular sheets of reinforced 
adsorbent materia] alternating with spacers, and inserted in matching rectangular 
cavities or slots. 

FK3. 1 0 shows the second apertures 52 of the second rotor plate in the second 

1 0 valve face 48 for 36 adsoib^. 

FIG. 1 1 shows the function ports of the first valve face 46 for titie example of n - 
6 and m = 6. In this embodiment, four first functions are provided as a first feed 
function, a second feed fimction, a first exhaust function and a second exhaust function. 
These first functions respectively correspond in FIG. 1 1 to first feed ports 1 76, second 

1 5 feed ports 1 78, first exhaust ports 1 80 and second exhaust ports 1 82. 

The first feed function is feed pressurization, and at all times one and only one 
adsorber set is undergoing feed pressurization- Hence, a first feed compressor may 
provide feed gas to each adsorber set at a fluctuating pressure which is on average less 
tfian the higher pressure, and thus may achieve atx)ns!derable saving in power 

20 consumption. The second feed function is for production, serving at all times in this 
example one and only one adso]t)er set. This second feed function may be served4)y a 
second feed compressor whose feed pressure is relatively constant and sid)stantially 
equal to the higher pressure. 

The first exhaust function is exhaust depressurization or coimtercurrent 

25 blowdown, and at all times one and only one adsorber set is undergoing feis step. For a 
vacuum PSA cycle, a first vacuum pump as the first exhaust means may withdraw 
exhaust gas from each adsorber set at a fluctuating pressure which is on average higher 
than the lower pressure corresponding to maximiun vacuum, and tims may achieve a 
considerable saving in power consumption. The second exhaust function is for exhaust 
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at substantially constant lower presswe with purge, serving at all times in this exampk 
one and only one adsorber set. This second exhaust function may be served by a second 
vacuum pump whose suction pressure is relatively constant at the lower pressure. 
For a positive pressure PSA cycle whose lower pressure is substantially 

5 atmospheric pressure, a throttling orifice fiinction may be provided in or vafli the first 
exhaust ports to achieve the pressure letdown of each adsorber set during counlercurrent 
blowdown without excessive flow disturbances. Alternatively, an expsmder may be 
provided as"^ttie first exhaust means to recover energy fix)m countcrcuH5ent blowdown. 
This expander vnU be operating ^der varying inlet pressure following the adsorber set 

10 dqjressurization in each first exhaust step of a time interval in this example of one sixth 
of the cycle period. 

If the cycle period is one second, the adsorber rotor v^rill rotate at lORPM for m 
= 6. For n = 6, each first or second feed step and each first or second exhaust step will 
have a duration of 1 /6 second. The cyclic pressure transients of the first feed function 
15 and the first exhaust function may be accepted by positive <Msp!ac«nent compression 
machinery of relatively high operating speed, for example tvion screw maw^hines. 
Alternatively, low speed reciprocating or rotary compression <or expansion) machinery 
may be used for any of the feed fimctions of feed or exhaust, so that each compressicm 
(or expansion) stroke corresponds to a single first fimction step and is synchronized to 
20 the beginning and end of that step. Again, for the cycle period of 1 second the 

reciprocating ^peed (with two opposed compression chambers delivering altOTiatii^ 
first function steps) would be 180 RPM. 

FIG. 30 is the section of FiG. 1 indicated by lines 8-8^or n =^ and m = 6. This 
arrangement is identical to that of FIG. 6, except that the buffer chambers 1 10 have 
25 been deleted since the second reflux gas is rjow conveyed fiom adsorberelements 36 
communicating with ports 92 and 104 by duect equalization. 

For the process with n = 6, the steps in the above example are characterized as: 
<a) supplying feed gas mixture to the first end of the adsorber element over a 
feed pressurization interval which is about 1/6 of the cycle period so as to pressurize the 
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adsorber element to substantially the higher pressure, and then to deliver light product 
gas from the second end of the adsorber element at substantially the higher pressure less 
flow fiictional pressure drops, 

(b) further supplying feed gas mixture to the first end of the adsoiber 

5 element over a production interval which is about 1/6 of the cycle period to deliver light 
product gas fi^om Uie second end of the adsorber element at substantially the higher 
pressure less flow frictional pressure drops, 

(c) withdrawing a first light reflux gas enriched in the lessreadily adso]t>ed 
component from the second end of the adsorber element at about the end of the 

1 0 production interval, and debvering the first light reflux :gas to another adsorber element 
(whose phase is lagging by 120°), 

(d) withdrawing a second light reflux gas enriched in the less readily 
adsorbed component from the second end of the adsorber element to depr^ssurize that 
adsorber element after the feed interval, and delivering the second light reflux gas to 

1 5 another adsorber element in 1 80^ opposed phase, 

(e) withdrawing a third light reflux gas enriched in the less Tcadily adsorbed 
component from the second end of the adsorber element to fiirther depressurize that 
adsorber element, and delivering the first light reflux gas to another adsoiber element 
(whose phase is leading by 120°), 

20 (f) withdrawing second product gas from the first end of the adsorber 

element over a first exhaust interval which is about 1/6 of the cycle period so as to 
fiirther depressurize that adsorber element to substantially the lower pr-essure while 
delivering the second product ^as, 

(g) fiirther withdrawing second product gas from the first end of the 

25 adsorber element over a second exhaust interval which is about 1/6 of the cycle period 
at substantially the lower pressure while delivering the second product gas, 

(h) supplying third light reflux gas from another adsorber element (whose 
phase is lagging by 120°) to the second end of the adsoiber element, so as to purge the 
adsorber element during the second exhaust interval. 
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(i) supplying second light reflux gas from another adsorber element in 1 80® 
opposed phase, so as to partially repressurize the adsorber element, 

(j) supplying third light reflux gas from another adsorber element <whose 
phase is leading by IIO*") to the second end of the adsorber element, so as to further 
repressurize the adsorber element prior to the next feed interval, and 

(k) cyclically repeating the above steps over successive rotational angles of 
360*/m. 



rV. Radial Flow Embodiments, FlGs. 33-36 

10 In genera], disclosed embodimCTts of the apparatus may be configured for flow 

through the adsorber elements in the axial, radial or obliquely conical directions relative 
to the rotor axis. A radial flow rotaiy module 10 according to the invention is shown in 
FIGs. 33 and 36. FIG. 33 shows a top, cross-sectional view of a radial flow module 
with two cycles per revolution so that M = 2. FIG. 36 shows a cross sectional 

15 schematic view of module 10 with a cross sectional reference to FIG. 34. 

Module 10 includes a rotor 400 revolving about axis 12 in the direction shown 
by arrow 120 within stator 30. FK3. 35 is an axial section of the module 10, de&aedby 
arrows 35-35 in FIG. 33, with module 10 installed in part of a layered manifold 
assembly 1 90, which may include oflier similar modules. FIG. 33 is a cross-section of 

20 the module 10,4pfined by arrows 33-33 in FIG. 36. 

As shown in FIG. 32, the rotor 400 is annular, having an outer cylindrical wall 
16 concentric with axis 12. Outer cylindrical wall 16 has an external surface which 
defines first valve surface 46. Inner cylindrical waU 1 8 has an internal surface which 
defines second valve surface 48. The rotor 400 has<in tiie plane of the section defined 

25 by arrows 32-32 in FIG. 36) a total of radial flow adsorber elements 14. An 

adjacent pair of adsorber elements 14A and 14B are separated by partition 19, which is 
structurally and sealingly joined to outer wall 16 and inner wall 18. Adjacent adsoiber 
elements 14A and 14B are angularly spaced relative to axis 12 by an angle of [ 360^ /N 



wo 02/24309 PCT/USOl/30134 



42 

Adsorber element 14 has a first end 42 and a second end 44. The adsoiber 
preferably may be provided as an adsorbent laminate pack, with flow channels 72 
between the sheets of the laminate pack providing a flow path between the firsthand 
second ends 42, 44 of the adsorber 14. The first and second ends 42, 44 of the 
5 adsorbers 1 4 communicate respectively to the first and second valve surfaces 46, 48 by 
apertures at the first and second ends respectively through outer wall 16 and inner wall 
18. 

As shown in HGs. 32 and 35, module 10 includes a stator assembly 401. 
Assembly 401 includes an outer cylindrical shell 403 enclosing the first valve function 

10 compartments of first valve stator 28 outside the annular rotor 400, and an inner 
cylindrical shell 405 supporting the second valve function compartments of second 
valve stator 30 inside the annular rotor 400. Outer shell 403 carries partitions 406 
between adjacent fimction compartments and supporting axially extending valve seal 
elements 407 sealingly engaged with first valve surface 46, while inner shell 405 carries 

1 5 partitions 408 supporting axially extending valve seal elements 409 sealingly engaged 
with second valve surface 48. Hie azimuthal sealing width of the strip seals is greater 
than the azimuthal widths of the apertures through the outer and inner walls 16, 18 at 
the first and second ends 42, 44 of each adsoii>er 14 in the first and second valve 
surfaces 46, 48. 

^0 The stator assembly 401 also includes a top plate 411 and a4x)ttom plate 413, 

each coimecting outer shell 403 and inner shell 405 so as io ^close rotor 400. Rotor 
400 is supported by upper bearing'405 in top plate 411, and lower bearing 417 in 
bottom plate 41 3. A rotor drive <not shown) is provided in stator assembly 401 to rotate 
rotor 400 at a desired rotational frequency. The rotor drive means may ^e an 

25 appropriate form of rim drive for rotor 400. 

The stator assembly 401 fiulher includes sealing flanges 421 with static seals 
(e.g. O-rings) 422 to engage sealing collars 423 m each manifold sq)arator plate 192, 
and a top flange 425 to locate the module 10 within the layered manifold structure for 
proper engagement of the seals. Radial flow module 10 is installed as a plug 
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penetrating the layered manifold structure. For very large capacity PSA plants, any 
desired number of such modules 10 may be installed in a layered manifold assembly 
similar to that depicted in FIGs. 22 and 23. 

FIGs. 34 and 35 respectively show the labelling and manifolded interconnection 
S of the first functional compartments in the £rst valve stator 28 and in the second valve 
stator 30. A set of first compartments in the outer shell 403 each open in an angular 
sector to the first valve surface 46, and each provide fluid communication between its 
angular sector of the first valve surface 46 and a manifold external to the MolliiileiO: 
The angular sectors of the compartments are much wider than the angular separation of 

10 the adsorber elements 14. The first compartments are separated on the first sealing 

surface 46 by the valve seal elements. Proceeding clockwise in^lG. 33, in &e direction 
of rotor rotation, the first compartments are provided with the same fimctions and the 
same reference numerals as used in FIGs. 1 7 and 1 8 with reference numeral subscripts 
A and B reflecting the present example of M = 2. 

15 TIG. 34 shows a plan view of the feed end of the module. FIG. 34 shows the 

first stator valve face 46 of the SisX stator 28 in the Grsi valve face 46, in Qie plane 
defined by arrows 10-10, and for the example of a vacumn PSA system for separating 
oxygen fi'om air. Fluid connections are shown to a feed compressor 124 inducting feed 
air fi'om inlet filter 126, and -to a vacuum pump exhauster 128 delivering nitrogen- 

20 enriched second product to a second product delivex^y conduit 38. Compressor 124 and 
exhatister 128 are shown €oiq)Ied to a drive motor 130. 

Arrow 120 indicates the direction of rotation by the adsorber rotor, in the 
annular valve face between circumferential seals 134 and 136, the open area of first 
stator valve face 46 ported to the feed and exhaust conq)ajtments is indicated by dear 

25 angular segments 140-152 coiresponding to the first functional ports conununicating 
directly to fimctional compartn^nts identified by the same reference numerals 140-132. 
The substantially closed area of valve face 46 between functional compartments is 
indicated by hatched sectors 154 and 156 which are slippers with ideally zero clearance, 
or in actual practice a narrow clearance to reduce fiiction and wear without excessive 
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leakage. Gradual opening is provided by a tapering clearance channel between each 
valve seal element and the sealing face, so as to achieve gentle pressure equalization of 
an adsorber being opened to a new compartment. Much wider closed sectors are 
provided to substantially close flow to or from one end of the adsorbers when 

5 pressurization or blowdown is being performed from the other end. 

With reference to FIGs. 33 and 36, it will be noted that penetrations 441 and 442 
are provided in outer stator shell 403 so as to provide direct fluid communication from 
feed manifold 144' to corresponding function compartments 144A*and 144B: Other 
penetrations are similarly provided in outer shell 403 so as to provide direct fluid 

10 communication from «ach manifold layer (of a pressurization or exhaust function) to the 
corresponding first valve function compartments for that pressurization or exhaust 
function* 

The feed compressor provides feed air to feed pressurization compartments 
140A and HOB, and to 142A and 142B, and to feed production compartments 144A 

15 and 144B. Compartments 140 and 142 have successively increasing working pressures, 
while compartment 144 is at the higher working pressure of the PSA cycle. 
Compressor 124 may thus be a multistage or spbt stream compressor system delivering 
the appropriate volume of feed flow to each compartment so as to achieve the 
pressurization of adsorbers through the intermediate pressure levds of compartaents 

20 140 and 142, and then the final pressurization and production through compartment 
144. A split stream compressor system may be provided in series as a multistage 
compressor with interstage dehvery ports; or as a plurality of -compressors or 
compression cylinders in parallel, each delivering feed air to &e woridng pressure of a 
compartment 140 to 144. Alternatively, compressor 124 may deliver all the feed air to 

25 the higher pressure, with throttling of some of that air to supply feed pressurization 
compartments 140 and 142 at their respective intermediate pressures. 

Similarly, vacuum pump 1 28 exhausts nilxogen-miched heavy product gas 
from exhaust compartments 152A and 1 52B at the lower pressure of the cycle and from 
countercuirent blowdown compartments 150A and 150B, and 148 A and 148B at the 
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successively increasing working pressures of those compartments. The early 
countercurrent blowdown stream from corapartin«its 146A and 146B may be released 
at ambient pressure directly to heavy product delivery conduit 129. Similarly to 
compressor 124, vacuum pump 128 may be provided as a multistage or split stream 

5 machine, with stages in series or in parallel to accept each flow at the appropriate 
intermediate pressure ascending from the lower pressure. 

FIG. 35 shows the second stator valve face 48. Open ports of the valve face 48 
are second valve ftmction ports c^ommui^ directly to alight product delivery 
compartment 160; a number of light reflux exit compartments 162A and 162B, 164 A 

10 and 164B, 166A and 166B, and 168A and 168B; and the same number of light reflux 
return compartments 170A and 170B, 172A and 172B, 174A and 174B, and 176A and 
1 76B within the second stator. Each pair of light reflux exit and return compartments 
provides a stage of light reflux pressure letdown, respectively for the PSA process 
functions of supply to backfill, full or partial pressure equalization, and-cocunent 

1 5 blowdown to purge. 

Illustrating the option of light reflux pressure letdown with energy recovery, a 
split stream light reflux expander 180 is provided to provide pressure let-down of four 
light reflux stages with energy recovery. The ligjit reflux expander serves as pressure 
let-down means for each of four light reflux stages, ^ach stage having a h^t reflux 

20 conduit respectively between a pair of light reflux ^xit and retum ports as illustrated. 

Product oxygen from light product fimctional compartmeito 160A and 1603 is 
delivered to product booster compressor 182 or else directly to product delivery conduit 
40. 

It will be appreciated by those skilled in the art that numerous variations of the 
25 PSA cycle may be applied for a wide range of "n*" and "M" within tiie scope of the 
present invention, and with ihe benefits provided by this invention. For example, 
described embodiments are disclosed with refer-Q3ce to particular features. It should be 
appreciated that the scope of the presocit inv^tion should not be limited to tiiese 
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described features, but rather should be detemnined with reference to the following 
clBixns. 
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We claim: 

1 . A rotary pressure swing adsorption apparatus, including a module 
comprising: 

a slalor defining plural fluid inlet, exhaust and delivery ports; 
5 a plurality of adsoit»er elements operably coupled to a rotor, the rotor being 

cap^le of rotation relative to the stator for rotating the adsoiber elements adjacent the 
inlet ports; 

a first manifold for r^eceiving a feed fluid and being intemaittently fluidly 
coupled through the fluid inlet ports to &rsX ends of the adsorber elements in adsorber 
10 sets; and 

a second manifold positioned adjacent the first manifold and intermittently 
fluidly coupled to first ends of the absorber elements in the adsorber sets for receiving 
an exhaust fluid fi-om the fiirst end of the adsoiber elements dirough plural exhaust ports 
defined by the stator and througih a fluid conduit penetrating through the first manifold. 

15 

2. The rotary pressure swing adsorption apparatus according to claim 1 , the 
module fiirther including first and second adsorber sets, the first and second adsorber 
sets sequentially receiving feed fluid firom the fijst manifold. 

20 3. The rotary pressure swing ^dsoiption apparatus according to claim 1 

comprising firom 2 to about 20 adsorber sets. 

4. The rotary pressure swing adsoiption according to claim 1 wherein tbe 
adsorber sets each include 6 adsoib^ elements. 

25 

5. The rotary pressure swing adsoiption apparatus according to claim 1 
with the module having three adsorber sets. 
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6. The rotary pressure swing adsorption apparatus according to claim 1 
with the module having six adsorber sets. 

7. The rotary pressure swing adsorption apparatus according to claim 1 

S where the feed fluid is air, the adsorber elements include a m'trogen selective zeolite and 
the exhaust fluid is nitrogen. 

8; Tbe^rotary pressure swing adsoiption apparatus according to claim 1 
where the adsorber elements in the module are annulariy arranged about an axis of 
10 rotation. 

9. The rotary pressure swing adsorption apparatus according to claim 8 
wherein there are n adsorber sets each set having m adsoil^ers at an angular spacing of 
360/M. 

15 

1 0. The rotary pressure swing adsorption apparatus according to claim 1 
wherein the module is a rotary adsorber module. 

1 1 . The rotary pressure swing adsoiption apparatus according to claim 1 
20 where the first and second manifolds are annular. 

12. The rotary pressure swing adsorption apparatus according to claim 1 
with the module comprising at least one manifold in addition to the first and second 
manifolds. 



25 



13. The rotary pressure swing adsoiption apparatus according to claim 12 
where the manifolds are annular and are arranged coaxially one above the other. 
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1 4. The rotary press\ire swing adsorption apparatus according to claim 1 1 
wherein the stator includes first and second valve surfaces, and the fluid delivery ports 
are circumferentially spaced about an axis and over a majority of the planar surfaces. 

15. The rotary pressure swing adsorption device according to claim 14 where 
the fluid inlet ports are spaced over 360 degrees of the stator. 

^ 16; • The rotary pressure swing adsorption apparatus according to claim 14 ~ 

wherein there are c fluid delivery ports at an angular spacing of 360/c. 

1 7. The rotary pressure swing adsorption apparatus according 4o claim 1 
wherein the stator includes first and second valve surfaces, and the fluid exhaust ports 
are circumferentially spaced about an axis and over a majority of the planar surfaces. 

18. The rotary pressure swing adsoiption apparatus according to claim 17 
where the stator includes first and second planar valve surfaces and fluid flow through 
the apparatus is axial and normal to tibe first and second planar valve surfaces. 

1 9. The rotary pressure swing adsorption apparatus accordmg to claim 1 7 
where the stator includes first and second cylindrical valve surfaces, fluid flow throu^ 
the apparatus is radial and the first and second valve faces are concratric to the fluid 
flow. 

20. The rotary pressure swing adsoiption apparatus according to daim 1 
wherein the first manifold is connected to a compressor. 

21 . The rotary pressure swing adsorption apparatus aGcording to claim 1 
wherein the second manifold is connected to fluid exhaust means. 
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22. The rotary pressure swing adsorption apparatus according to claim 1 
wherein the first manifold is connected to a compressor and the second manifold is 
connected to fluid exhaust means, and wherein the fluid delivery means and tiie fluid 
exhaust means are operably coupled to a motor. 

5 

23. The rotary pressure swing adsorption device according to claim 1 where 
the fluid ports are tapered. 

24. A rotary pressure swing adsorption apparatus, comprising at least one 
10 module which includes: 

a plurality of adsorber elements; 

a first stator defining plural fluid inlet ports; 

a first manifold for receiving a feed fluid and being intennittently fluidly 
coupled through the fluid inlet ports to first ends of the adsorber elements in adsorber 
15 sets; 

a second stator comprising pressure swing adsorption cycle sectors, each sector 
being defined by a light product delivery port, Ugjit product withdrawal ports, and light 
reflux return ports; and 

a second mamfold intennittently fluidly coupled to first ends of flie absorber 
20 elements in the adsorber sets for receiving an exhaust 41uid firom the first end of the 
adsorber elements. 

25. The rotary pressure swing adsorption apparatus according to claim 24 
where the first and second manifolds are mteipenetrating, layered inanifolds. 

25 

26. The rotary pressure swing adsorption device according to daim 24 where 
the manifolds are substantially planar layered manifolds. 
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27. The rotary pressure swing adsorption device according to claim 26 where 
the manifolds are interpenetrating. 

28. The rotary pressure swing adsorption device according4o claim 24 where 
5 the manifolds are nested, concentric manifolds positioned about a radial flow module. 

29. The rotary pressure swing adsorptiim device according to claim 28 where 
the manifolds are interpenetrating. 

10 30. The rotary pressure swing apparatus according to claim 25 where the 

second manifold receives air througih a fluid conduit penetrating througji die first 
manifold. 

3 1 . The rotary pressure swing adsorption apparatus according to claim 24 

1 S further including seals in the valve faces positioned effectively to minimize ^uid leaks. 

32. The rotary pressure swing adsorption apparatus according to claim 24 
wherein ends of the adsorber elements are in direct, fluidly sealing contact with the 
stators. 

20 

33. The rotary pressure swing adsorption apparatus according to claim 24 
including a seal located adjacent one of tibe stators and^first ends of the adsorber 
elements and positioned effectively to reduce fluid leaks, and second ends of the 
adsorber elements are in direct, fluidly sealii^ contact with the other-of the stat(»^. 

25 

34. The rotary pressure swing adsorption device according to claim 24 where 
ends of the adsorber elements are positioned within £t>m about 10 microns to about 50 , 
nucrons of stator valve faces. 
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35. TTie rotary pressure swing adsorption device according to claim 24 where 
ends of the adsorber elements are positioned within from about 0 microns to about 10 
microns of stator valve faces. 

5 36. The rotary pressure swing apparatus according to claim 24 where the 

adsorber elements include first and second ends, spacers to define flow channels 
between the first and second ends, and at least one of the adsorber elements includes a 
filler material in a portion of the fiow channel adjacent at least one of the first and 
second ends. 

10 

37. The rotary pressure swing adsojption ^paratus according to claim 36 
where plural adsorber elements include filler material adjacent at least one of die first 
and second ends. 

15 38. The rotary pressure swing adsorption apparatus according to claim 36 

where the adsorber elements include filler material adjacent boUi the first and second 
ends. 

39. The rotary pressure swing adsorption device according to claim 36 where 
20 the filler material is selected firom the group-consisting of ceranucs, metals, plastics, a^d 

combinations thereof. 

40. Th& pressure swing adsorption apparatus according to claim 24 where 
there are three adsorbs elements in the sector, with each adsoiber element belonging to 

25 a different adsoiber set 

41 . The pressure swing adsorption apparatus according to claim 40 wherein 
light reflux withdrawal ports are inteimittOTtly fluidly coupled to angularly lagging 
fluid return ports. 
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42. The pressure swing adsoipdon apparatus according to claim 24 wherein 
the fluid ports are arranged such that second ends of the adsorber elements are 
intermittently sequentially fluidly coupled to the first light product delivery port, the 
5 U^t reflux withdrawal pcnts, and the light reflux retiun ports. 



43. The pressure swing adsorption aj^aratus according 4o claim 24 wherein 
each sector comprises a light product delivery port, a &st light reflux with<frawal port, a 
second light reflux withdrawal port, a third light reflux withdrawal port, a third li^t 
10 reflux return port, a second light reflux retuni port, and a first light reflux return port. 



44. The pressure swing adsorption apparatus according to claim 43 further 
comprising a plurality of fluid conduits sealingly coupled to the first light reflux 
withdrawal port, the second light reflux withdrawal port, the third light reflux 
15 withdrawal port, the third light reflux return port, tiie second li^t reflux return port, and 
the first light reflux retuin port. 



45. The pressure swing adsorption apparatus according to claim 44 wherein 
the first light reflux withdrawal port is fluidly coupled to the first light reflux return 
20 port, the second Ught reflux withdrawal port is fluidly coupled to a buffer chamber, the 
buffer chamber subsequently being fluidly coupled to the second Ught return port, and 
the third light reflux withdrawal port is fluidly coupled to the third U^t reflux return 
port. 

25 46. The pressure swing adsorption apparatus according to claim 24 wherein 

the fluid ports are arranged such that the second ends of the adsorber sets are 
sequentially fluidly coupled to the first product delivery port, the first li^t reflux 
withdrawal port, the second hght reflux withdrawal port, the third li^t reflux 
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withdrawal port, the third light reflux return port, the second light reflux return port, and 
the first light reflux return port. 

47. A rotary pressure swing adsojption de\ice, comprising: 
S a stator defining plural fluid ports; 

a plurality of adsorber elements having first and second ends, the adsoiber 
elements being operably coupled to a rotor capable of rotation relative to the stator for 
rotating ends of the adsorber elemrats adjacent the fluid ports,"at least aportion of^e 
adsorber elements having reinforcing material adjacent the first end, the second end or 
10 both, and fiirther with such elements directly fluidly coupling to the fluid ports; 

a first ann\ilar manifold for receiving a feed fluid and being intermittently fluidly 
coupled through the fluid ports to first ends of the adsorber elements in adsorber sets; 
and 

a second annular manifold intennittently fluidly coupled to first ends of the 
1 5 absorber elements in the adsorber sets for receiving an exhaust fluid #om the &st -end 
of the adsorber elements through plural exhaust ports defined by the stator and flirougb 
a fluid conduit penetrating throu^ the first manifold. 



4S. A rotary pressure swiag adsoiption device^^ci performing plural pressure 
20 swing adsoiption cycles per revolution, including a modtde comprising: 

a first stator having a first valve face and defining plural fiinction ports; 
a second stator having a first valve face and defining plm^ fimction poits; 
plural adsorber elements positioned between the first stator and the second 
stator, the adsorber elemrats rotated by a rotor relative to the first and second Gators; 
25 a first manifold for delivering a feed fluid to first ^nds of the adsoiber elements 

through the fimction ports defined by the first stator, the feed fluid imdergoing pressure 
swing adsorption in ftie adsorber elements whereby a portion of a li^t fluid exiting a 
second end of a first adsorber element in a first adsorber set is delivered tlH^ou^ a 
product port, a second portion of a Ugbt fluid is dehvered as a first light reflux portion 
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through a first hght reflux port fluidly coupled to a first adsoii>er element in a third 
adsorber set lagging the first adsorber set, a third portion of a li^t fluid is delivered as a 
second light reflux portion to a 'buffer chamber, a fovtth portion of a light fluid is 
withdrawn as a third hght reflux portion through a third light reflux port fluidly coupled 

5 4o a first adsorber elraient in a leading second adsoiber set; and 

whereby a portion of a Ught fluid delivered by a last adsoiber -element in a diird 
adsorber set is delivered through a third hght reflux port to a second -end of the first 
adsorber element in the first adsoiber set; a pordon of a light fluiddelivered by tibelast 
adsorber element of a third adsorber set is delivered Grom a buffer through a second 

10 light reflux port to a second end of the first adsorber element in the first adsoit>er set, 
and a portion of a fluid dehvered by a last adsoiber element in a second adsoiber set 
deUvers a first hght reflux portion throu^ a first light reflux return port io a second end 
of the first adsorber element in the first subset. 

IS 49. The rotary pressure swing adsorption apparatus according to claim 47 

wherein the adsoii)er elements comprise a spirally wound adsorbent sheet 

'50. The rotary pressure swing adsoiption appar^us accordmg to claim 49 
fiirther comprising radially extending spacers disposed between the-spirally wound 
20 adsorbent sheet to define flow channels. 

5 1 . The rotary pressure swing adsorption apparatus according io claims? 
wherein the adsorber elements comprise a first end and a second end, and die first and 
second ends are reinforced. 

25 

52. The rotary pressure swmg adsoiption apparatus according to claim 5 1 
wherein the adsorber element comprises first and second zones di^osed between the 
first and second reinforced ends wherein the first zone includes a desiccant and the 
second zone includes a zeohte. 



^1 >J 
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S3 . The rotary pressure swing adsoiption apparatus according to 48 
comprising a plurality of annular layered, inteipenetrating manifolds. 

5 54. An adsorber element for use with a pressure swing adsoiption apparatus, 

comprising: 

pliu^ Huid channels having first and second ends; and 
^-^-^iJtal strips or filler material ^or at least a portion of the fluid channels 
and positioned adjacent at least one of the first and second ends for reinforcing the 
1 0 channels, the filler materia] being selected from the group consisting of clay, glass, 
ceramics, polymeric materials, sol-gels, metds and combinations thereof 

55. The adsorber element according to claim 54^mprising filler material 
for reinforcing substantially all of the fluid channels. 

15 

"56. The adsorber element according to claim 53 and comprising filler 
material adjacent both the first and second ends. 

57. The adsorber element accordmg to claim 53 whra-e the ends are 
20 reinforced against erosion by fluid flow. 

58. The adsorber element according to claim 53 where the ends are 
reinforced against abrasion with the valve fi^es. 

25 59. A rotary pressure swing adsoiption device, comprising: 

an adsorber housing; and 

a spirally wound adsorber housed in die housing, the adsorber having first and 
second ends engaging valve faces. 
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60. The rotary pressure swing adsorption device according to claim 59 where 
the first and second ends have a clearance gap between valve faces of from about 0 to 
about 10 microns. 

5 61. TTie rotary pressure Swing adsoiption device according to claim 39 and 

including plural spirally woimd adsorbers. 

- 62; A method for separating at least one fluid from a mixture of fluids using 
a rotary pressure swing adsorption apparatus having a plurality of adsorber elements 
10 annularly arranged in adsoiber sets about a rotor portion of the apparatus, comprising: 

supplying at least one feed fluid lo pressurize an adsorber element of the 
adsorber sets to substantially a higher pressure; 

delivering first product fluid at substantially the higher pressure; 

withdrawing Ugbt reflux fluid; 

15 transferring light reflux fluid to a diflFerent portion of the apparatus; 

exhausting at least one second product gas at substantially a lower pressure; 

receiving at least one light reflux fluid firom a different portion of the apparatus; 

performing the process at a plurahty of locations simultaneously; and 

performing multiple pressure swing adsorption processes per revolution of the 

20 rotor. 

63. The method according to claim 62 wherein the wifedrawn li^t reflux 
fluid is comprised of first, second, and third portions. 

25 64. The method according to claim ^3 wherein the first li^t reflux fluid is 

transferred to a second end of an adsorber element of a lagging adsorber set. 
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65. The method according to claim 63 wherein the second li^t reflux fluid 
is transferred to a pressure equalisation portion of the apparatus. 

5 66. The method according to claim 63 wherein ihc third light reflux fluid is 

transferred to a second end of an adsorber element in a leading adsoiter set. 

67. The method according to claim 62 wherein received light reflux fluid is 
comprised of first, second, and third portions. 

10 

68. The method according to claim 67 wherein the first light reflux fluid is 
received fi-om the second end of an adsoiber element of a leading adsorber set. 

69. The method according to claim 63 wherein the second light reflux fluid 
IS is received from a pressure equalisation portion of the apparatus. 

70. The method according to claim 67 wherein the third light reflux fluid is 
received from a second end of an adsorber element of a lagging adsorber set. 

20 71 . The method according to claim 62 wherein withdrawing the light reflux 

fluid partially depressuiises the adsorber element. 

72. The method according to claim 62 wherein returning light reflux fluid 
purges and partially repressurizes the adsorber element 
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73. The method according to claim 62 wherein each adsoiber element 
undergoes 2 to 10 pressure swing adsorption cycles per revolution of the apparatus. 

5 74. The method according to claim 73 wherein ^ach adsorber element 

undergoes 6 pressure swing adsoiption cycles per revolution t)f the rotor. 

75. A method for separating at least one fluid from a mixture of fluids using 
a rotary pressure swing adsorption apparatus having a plurality of adsorber elements 

10 annularly arranged in adsorber sets about a rotor portion of the apparatus, comprising: 
admitting feed fluid to first ends of first adsorber elements in plural adsoibent 
element sectors at an intermediate pressure between a lower operating pressure and a 
higfber operating pressure; 

pressurizing plural first adsorber elements to the higher operating pressure over 
15 a time period t from process initiation to about T/6 wha*e T is a PSA cycle-period; 

v^rithdrawing li^t reflux product at the higjier operating pressure over a time 
period of from about T/6 < t <T/3; 

withdrawing a second light reflioc portion to depressurize adsorber elements 
toward a second intermediate pressure over"a time.period of T/3 < t < T/2; 
20 withdrawing a third light reflux portion as purge flow for adsoiber elements in 

another adsoiber element set at about T/2; 

exhausting a heavy product enriched in a more readily adsorbed component and 
depressurizing adsorber elements over a time period of from about T/2< t < 5T/6; and 
repressurizing adsorber elements from the lower pressure to flie first 
25 intermediate pressure by transferring second light reflux fluid to the second ends of the 
adsorber elements over a time p^od of from about 5T/6 < t < T. 

76. The method according to claim 75 and further including withdravmg a 
first light reflux portion at *out T/3, and admitting first li^t reflux fluid flow to the 
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second ends of adsorber elements to pressurize the adsort>er elements to the first 
interraediate pressure. 

77. A method for making adsorber elements having nairow reinforced 
5 channels, comprising: 

providing an adsoii>er having first and second ends and defining nairow flow 
channels having a width and a bei^t, the widdil>eing from about 1 to about 100 times 
the height of the channel; 

placing a fugitive material within the channel at the first and second «nds; 
1 0 adding a reinforcing material to the first and second ends and about the fiigitive 

materia], and allowing the reinforcing material to cure in place about the fiigitive 
material; and 

removing the fiigitive material to define fluid flow apertures throu^ Uie 
reinforcing material at the first and second ends. 

15 

78. The method according to claim 77 where the nairow flow channels have 
a width of from about 1 to about 20 times the height of the channel. 
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